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Abstract

An investigation was conducted into how a variable speed drive can provide a damping torque when
mechanical oscillations are present. The modeling of mechanical oscillations via an analogous
electrical circuit was performed. Simulation was used to demonstrate how a variable speed drive is
able to damp speed oscillations using Direct Torque Control (DTC). Damping of mechanical oscillations
is done by means of the variable speed drive providing a damping torque component that is in-phase
with the speed deviation. The simulation showed that by applying a small torque component with the
speed variation results in torque oscillations being damped by 60% after the initial disturbance.
Damping is further improved by applying a torque component equal to the speed variation resulting
in the oscillations being damped by 80% when compared to the initial disturbance.
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Introduction

The oil and gas industry has a growing demand for Variable Speed Drives (VSDs). Advantages
of a VSD are an increase in operational flexibility and energy savings. Mechanical loads coupled
to a VSD can experience torsional vibrations. A torsional vibration is an oscillatory variation in
the twist in certain shaft sections [1]. A possible consequence of uncontrolled torsional
vibrations is mechanical damage to the motor and mechanical load.

The research topic will involve modeling a VSD driving a motor, with a load connected the
motor. The motor shaft connects via rigid coupling, to the shaft of a mechanical load. The
mechanical load after the coupling, i.e. a fan, exhibits mechanical oscillations (the torsional
vibrations described above). Electrical and mechanical analogues will be derived, followed by
the derivation of a rotational system. The rotational analogue is applied to a wind turbine
application and how damping is achieved following a disturbance. An investigation will be done
on how the VSD can provide damping of these torsional vibrations (via Matlab simulations).

Before approaching the simulation in the research report, mechanical modeling of a mechanical
shaft and a detailed discussion on the theory behind drive control technologies using Direct
Torque Control (DTC) will be done to give an idea on what is occurring in the background of the
simulation. Before the literature survey and report begins, an outline of what is to be achieved is
briefly discussed.

1.1  Objectives of the Research report

The aim of this research report will involve investigating how a VSD can be utilized to achieve
the damping described. In addition, the research report will attempt to answer three questions
concerning the VSD and motor control system, these questions include:

» Can a VSD provide damping for oscillations associated with its mechanical load?
» What types of mechanical oscillation can be damped?

» Will providing damping have a detrimental effect on the VSD-mechanical load
performance?

Once the theory of the control technology using DTC is presented, a simulation will be done via
Simulink to demonstrate how such damping is performed via a VSD. Upon completion of the
simulation, the above questions can then be answered when the results are analyzed.



Literature Review

There have been a number of industry studies on the problem of torsional vibrations for a
mechanical load coupled to a VSD, with numerous methods proposed to counter these torsional
vibrations. Load Commutated Inverters (LCI) are often used to drive large gas compression
trains. An improvement in efficiency comes at the expense of torque harmonics resulting from
the current harmonics produced by the power electronic converter [1]. These torque harmonics
can often excite mechanical resonances in the mechanical load.

One technique used to limit torsional vibrations is referred to as Integrated Torsional Mode
Damping (ITMD). This method is based on a torsional vibration measurement in the mechanical
load with an interface to the existing inverter controller. In order to implement damping, the DC
link inductors of the LCI are used for temporary energy storage. The damping controller reacts
to torsional vibrations by using this source of stored energy to allow the modulation of the power
flow into and out of the motor without negatively impacting the performance of the system [1].

In terms of measurement, standard equipment used for lateral vibration (i.e. accelerometers) is
not able to accurately measure these vibrations. The torsional vibration is dependent on the
stiffness of the motor shaft with motor couplings also playing a role. Tests have shown that in
order to accurately measure the torsional vibrations, shaft torque needs to be monitored by use
of a full-bridge strain gauge system with telemetry [1]. An additional example of a sensing
system is a continuous duty torque meter.

A drawback of such a system is that it would need to be integrated in the mechanical load,
typically during the design phase since adding one later can be a costly exercise.

The ITMD system is an electro-mechanical damping method integrated with the electrical drive
control. It was developed to assist in making turbo machinery less sensitive to motor driven
torgue harmonics [1]. A block diagram of a typical system is shown in Figure 1.
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Figure 1: Typical block diagram of an LCl drive system with integrated ITMD control [1].
Image used with publisher permission, Copyright © 2010, IEEE.

From the block diagram in Figure 1, the line converter is controlled by means of the firing angle
which executes the closed loop functions (i.e. speed control of the VSD via torque control). By
adding a small signal modulation of AR, to the input signal to the Gate Control Unit, ITMD control
can be obtained. This modulation signal implements damping by generating an additional air-
gap torque component with a frequency that is identical to the torsional natural frequency of the
mechanical load [1].

The aim of the damping control is not to totally suppress a torsional vibration, but to keep the
torsional vibrations at such a level that the stresses are kept within safe operating limits. An
example of torsional mode damping is demonstrated in Figure 2 of the block diagram described
in Figure 1. The figure describes a simulated effect of torsional mode damping for a 30 MW
natural gas compression train [1]. It can be seen from the diagram that when the ITMD mode is
activated damping of the mechanical oscillations increases.



The effectiveness of such a system is dependent on several factors. Such factors can include
accuracy of calculated mechanical parameters, accuracy of the estimated pulsating torque
components caused by the drive system, inter-harmonic interactions caused by other VSD
loads connected to the same power system and, in the case of a turbine system, dynamic
torgue components caused by aerodynamic effects.

To further investigate mechanical resonance, the interaction between the VSD and the
mechanical load would need to be measured under laboratory conditions.
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Figure 2: Simulated effect of torsional mode damping for a 30 MW compression train [1].
Image used with publisher permission, Copyright © 2010, IEEE.

For large drives, such vibrations can lead to added fatigue stress and would need to be
minimized as even an hour of downtime can be expensive. Further studies done on a
compressor unit utilizing a system referred to as DriveMonitor™ [2] found that significant levels
of oscillations were visible at a frequency independent of rotational speed and loading with the
oscillation frequency associated with a mechanical resonance [2]. A compressor is only one
example of machines that are susceptible to torsional vibrations. Other machines that are
susceptible include rolling mills and paper machines [2].



A particular study found that oscillations may appear or disappear as a result of process
disturbances which can be caused by set point changes. It was observed that the frequency of
observed oscillations is independent of the rotational speed of the motor [2]. This eliminates the
possibility of the oscillations resulting from mechanical imbalances.

An alternative technique for observing mechanical resonance is to observe the machine
operation at different speeds. This information is then presented in a form known as a Campbell
diagram. VSDs produce torque harmonics with frequencies that are multiples of the
fundamental output frequency. These torque harmonics can excite mechanical resonances that
are clearly visible. An example of the Campbell diagram applied to the compressor is shown in
Figure 3.

1420

Speed [RPM] Freq [Hz]

Figure 3: Campbell diagram for a compressor driven by an electric motor [2].
Image used with publisher permission, Copyright © 2011, IEEE.

The vertical axis in the Campbell diagram is the dynamic torque vibration amplitude at the
respective frequency and RPM value. The torque amplitude is normally expressed in kN.

The mechanical components of the compressor plus motor can be modeled in the form of the
simple mechanical system shown in Figure 4. This simple model recreates the first mechanical
resonant mode behavior when the VSD responds dynamically to a change in set point. The
study also showed that from the mechanical analysis, the torsional vibrations appear in the
system when insufficient damping is present.

By modifying the mechanical system configuration (i.e. introducing active attenuation of the
mechanical oscillations) the damping can be increased [2].
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Figure 4: Simple model of the mechanical system [2].
Image used with publisher permission, Copyright © 2011, IEEE.

In order to test for these torsional vibrations on a smaller scale, a 5.5 kW motor with an ABB
ACS800 inverter was used. The control algorithm was formulated utilizing Matlab and Simulink.
Through the small scale test it was found that the test rig was able to provide a significant level
of torsional vibration, such that the methods of torsional vibration detection and damping could
be tested [2].

In the one such test, the drive was run with a constant speed set point. For this configuration,
the mechanical resonance may only be excited by the switching of the VSD.

Other studies have used the method of modal analysis in order to determine the natural
frequencies [3]. In such analysis, the driveline is modeled as discrete moments of inertia
connected with inertia-free elastic elements that represent the shafts and couplings.

In the study it was quite common to find a deviation from the calculated frequency of between
20-30% [3]. The same study also found that when a VSD is connected to the system, there was
a larger risk at a speed where a disturbance could result in resonance. However, most VSDs
can improve damping by controlling the torque accordingly [3].

With the literature survey in hand, the sections that follow from this point in the research project
will build upon what has been researched previously.

Mechanical and Torsional analysis

Building upon the previous discussion, the modeling of a mechanical shaft will be investigated.
This section will discuss the equations for a 2-mass torsional system in addition to a Torsional
Natural Frequency (TNF) equation. The TNF will be discussed further in a case study involving
a VSD with torsional vibrations.



Many mechanical systems, be it fixed speed or driven by a VSD, will exhibit some form of
vibration [4]. With the ever increasing speeds in motors and increased improvements to
controller performance, the problem of resonance will increase as well. The vibration level of a
mechanical system (be it a motor, load or shaft) is the result of imposed cyclic forces which can
originate from a residual imbalance of the rotor, or from some other cyclic force and the
response of the system to these forces [4]. The problems these forces create can be
categorized as follows:

e High power, high speed applications where operation above the first critical speed is a
requirement. The critical speed is defined as the theoretical angular velocity that excites
the natural frequency of a rotating object, such as a shaft. As the speed of rotation
approaches the object's natural frequency, the object begins to vibrate. If the shaft is
accelerated quickly past its critical speed , there may not be enough time for shaft
resonance to be established,;

e Applications where a torque ripple excites a resonance in the mechanical system;

e High performance closed loop applications where the change of motor torque can be
very high. This quick change in torque would subject the shaft linking the mechanical
parts to a twisting action, where the control system tied to the motor would need to damp
the vibration [4].

It should be noted that torque ripple produced by modern variable speed drives is relatively
small when compared to earlier technology.

3.1 Modeling the torsional natural frequency equation

Any system that has masses or inertias that are coupled together via flexible elements is
capable of producing mechanical vibrations. This section describes how a motor and load can
be represented as a 2-mass torsional system with the TNF equation then being defined for the
system. The torsional systems of the two masses are described by a simple model in Figure 5.

Figure 5: A two mass torsional system [4].



If one were to assume zero damping for the torsional system shown in Figure 5, the equations
of motion can be defined as follows [4]:

J1(d?6,/dt?) + K(8, - 8;) =0 1)
J2(d?6,/dt?) + K(8, - 6;) =0 (2)
The K term in the above two equations represents the torsional stiffness, which can be replaced
with the term %. Where G is the shear modulus of elasticity, in Pa, J, is the polar moment of

T.
inertia of the shaft, in kg-m?, which can be equated to ;4 for a circular shaft of radius r, in m,

and the shaft length being twisted as L, in m. From the two equations, eliminating 6, and 6,
provides the following equation,

9:A+Bt+CCOS((UTNF+ CD) (3)

From the above equation, the TNF equation can be described as follows:

% [(]1+]2)

4
L ~(1J2) “)

WrNF =

The equation can be further expanded to produce a final TNF equation defined as follows.

[6Tp (Usts)
four = 2 72 L)) ©

From the above equations, wryr is the TNF in radians/sec while fryr is the TNF in Hz.

3.2 Shaft vibrations independent of VFDs

When one needs to determine if the vibrations are the result of the VSD or another part of the
system, the drive can be ruled out by re-programming the VSD to run as a soft starter. This is
achieved by reconfiguring the drive to only limit inrush currents such that the VSDs functionality
is bypassed, and example of this will be presented in a case study. If torsional vibrations are still
present, the drive is not the cause of the vibrations and other causes can be investigated.
Torsional vibrations can be categorized as follows [4]:

e Sub-synchronous vibrations: Vibration frequencies below the shaft rotational frequency;

e Synchronous vibrations: Vibration frequency at the shaft rotational frequency;

e Super-synchronous vibrations: Vibration frequencies above the shaft rotational
frequencies, and;

¢ Vibrations occurring at shaft critical speeds.



3.2.1 Sub-synchronous vibrations

The most common cause of this is for induction motors where beating at slip frequency can
occur [4]. All electromagnetic forces in an induction motor occur at frequencies equal to, or at a
multiple of, the supply frequency. The rotational speed is slightly less than synchronous speed
[4]. Mechanical imbalances will produce vibration related to the rotational speed of the motor.
Two cyclic forces at relatively close frequencies will combine to give a low frequency beat. If the
motor itself has a broken rotor bar, vibration at the slip frequency will increase [4]

3.2.2 Synchronous vibrations

The most common cause of this vibration at the shaft rotational speed is a mechanical
imbalance, or shaft misalignment. The mechanical imbalance may often be a specification or
manufacturing quality issue. However, in larger motors, shaft bending can be attributed to
uneven cooling of the shaft or overheating of the rotor in general [4]. Vibration due to thermal
issues may get drastically worse over time, which can be noticed by a gradually increasing
vibration over the life of the motor [4].

3.2.3 Super-Synchronous vibrations

Super synchronous vibrations are associated with out-of-round bearings or shaft asymmetry
along its length. A possible cause can be the result of wearing of roller bearings. Similar
scenarios can occur with synchronous vibrations where the vibrations will gradually increase
over time due to wear, but as wear increases unchecked, it can lead to sudden catastrophic
failure of a motor [4].

3.2.4 Critical speeds

With the aid of a VSD it is possible to increase the speeds of motors past their first and second
critical speeds [4]. The critical speed of a shaft is not only dependent on the characteristics of
the shaft, but is also affected by the stiffness of the bearing supports.

It is important to note that the magnitude of the shaft and bearing vibration is dependent on the
resonance curve of the shaft, such that the closer it runs to the critical speed, the more intense
the vibration level [4].



3.3 Resonance excitation from torque ripple

Problems with torque ripple are an inherent issue in almost all VSD applications [4]. The
frequency of the torque ripple and the exact magnitude are dependent on the type of converter
and the specific application. A DC motor fed from a six pole converter is considered as an
example. The resultant motor armature current has a ripple at six times the mains frequency [4]
such that for a 50 Hz supply the ripple has a fundamental frequency of 300 Hz. The magnitude
of the torque ripple is on average 10-20% of the rated torque. The frequency of the torque ripple
is a function of the mains frequency and not the running speed [4]. If the stated fundamental
frequency of 300 Hz is not too close to the natural resonant frequency of the system, it should
pose little risk to the mechanical system.

Torque ripple due to the commutation process in the DC motor is an important factor to consider
when a small number of commutator segments is used. It will be this torque ripple that has a
frequency component that is proportional to speed [4]. With a Pulse Width Modulated (PWM)
converter, torque ripples at six and twelve times the output frequency could be of concern.

Looking again at the equations of motion for the two-mass system described earlier, when
considering the torsional vibrations and observing the relative displacement of one body to the
other, the following equation is obtained.

v

3 (d20y/dt?) + =

6 =0 (6)

Introducing a driving force r(t), the differential equation of the system can be obtained by
applying the drive force into the above equation, which becomes the following.

G
J (d%6,/dt?) + %e =r(t) (7)

If the driving force can be represented by r(t) = Fcos(wt) the equation will then appear as
follows:

o(t) = [%]2 cos(w, — &) +

l >=| cos(wt) 8)
i

By [1-(2

Wo

This equation represents the superposition of two oscillations. The first frequency is the natural
frequency of the system, % while the second frequency is the frequency of the input force [4].

From the equation, the amplitude of the oscillation depends on the frequencies w and w,. As the
input frequency, approaches the natural frequency w,, resonance in the system will occur.
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3.3.1 Methods of vibration reduction

During the operation of a motor, vibrations in the system will most likely be present no matter
what precautions are taken. While it may not be entirely possible to eliminate resonances at
critical speeds, they can be minimized to tolerable levels. The methods used to reduce noise
and vibration can be summarized by the following points [4]:

e Improving the balancing and stiffening to reduce the amount of vibration. It is important
that the alignment of rotating parts in the system is done accurately;

e Utilizing isolation to prevent vibrations from being transmitted. System solutions can
include rubber mats and custom dampening devices to offer specific stiffness in various
directions;

e Utilizing non-linear de-tuner type torsional couplings;

e Increasing the stability of the foundations, thus ensuring vibrations are not transmitted to
the structure. It should be noted that the foundation calculation is done on a case by-
case basis which plays a vital role in the installation process, and,;

e With a VSD connected to the system it is possible to utilize the advanced functionality of
the drive by utilizing the drive “skip frequency” parameter [5,6]. The drive performs a
ramp up and ramp down test on the system such that problem frequencies can be
detected.

Any frequencies that exhibit problems are (due to torsional vibrations at critical speeds, noise
etc.) programmed out of the operating frequency range of the drive, such that these frequencies
are avoided during operation of the system. How the skip frequency functionality operates is
explained via a case study in the following section.

Investigation into resonance damping via a VSD case study

Industrial equipment ranging from mechanical cranes to pumps will have mechanical resonance
frequencies based on the mechanical loading of the application. These resonance frequencies
are the frequencies at which vibration can rapidly damage such mechanical equipment. These
resonance frequencies can be determined by having the VSD ramp through the operating range
such that the critical frequencies are identified.

VSDs have multiple skip frequency parameters such that problematic frequencies where
resonance occurs can be avoided [5,6]. Most drive manufacturers (i.e. Schneider Electric and
Opti Drive) offer multiple skip frequency parameters to mitigate different resonance frequencies.
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4.1 SKkip frequency operation

The skip frequency parameters are used to set up a band of frequencies through which the
drive output frequency may pass, but never stop in. This is used typically to prevent continuous
operation close to any frequency at which mechanical resonances may occur. Such resonances
may simply cause excessive acoustic noise or may, in some cases, cause mechanical stresses
that can lead to mechanical failure [5].

An example of the skip frequency bandwidth allocation is shown in Figure 6. In this case the
OptiDrive VSD is used as an example. This can be found in the Optidrive advanced user
manual [5].

Skip Frequency Band

| | t— | |
| I~ |
15 18 20.5 23 25

Skip Frequency mid-point
Frequency (Hz)

Figure 6: Skip frequency bandwidth allocation of an OptiDrive VSD [5].

When the resonance points are established from the ramp up and ramp down test of the
mechanical load, the drive can then be programmed to “skip” these problem frequencies.

The skip frequency calculation is performed by the drive’s internal software. The exact software
algorithms are proprietary information and are not publicly available [7,8,9,10].

4.2 SKkip frequency case study

A case study is investigated where a VSD is coupled with a fan that experienced torsional
vibration effects during operation. The case study discusses the effects of the torsional
vibrations on equipment and the remedy used to resolve the issue [11]. As will be discussed in a
following section, there are many ways one can control a VSD. One of the most common and
most basic is the constant Volts/Hertz control method. As torque control is not a major concern,
the constant Volt/Hertz control is suitable for fan and pump applications [11]. When the drive is
not correctly tuned to the motor, TNFs can be introduced into the system resulting in damaging
vibrations to the equipment resulting in drive failure.
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In this particular case study, the end user was experiencing reliability issues with an induced
draft fan system after installing a VSD for control. With the VSD and motor in operation, the
coupling between motor and induced draft fan had failed several times. As the motor had been
coupled with the VSD for a relatively short time, the root cause of the problem was not yet fully
understood. A short term solution at the time was to simply increase the coupling size between
the motor and the shaft. Motor coupling sizes are defined by a Service Factor (SF), the higher
the SF, the higher the torque rating of the coupling device [11]. This simply caused the problem
to move to the next weakest link in the system, the motor shaft. With the change in the motor
and shaft coupling, it was determined through further tests that the motor shaft would still fail
due to torsional vibrations along the shaft. The damaged shaft is shown in Figure 7.

Figure 7: Cracked motor shaft as a result of torsional vibration [11].
Image from the 37th Turbomachinery Symposium used with publisher permission.

The 45 degree crack on the shaft shown in the photo is a classic indication of failure due to
torsional vibrations [11]. In this case the coupling (which was already overrated when compared
to previous failed couplings) on the drive was in service for less than a year when it failed and it
was the third such coupling failure in a four year period.

A waterfall plot was done on the drive during startup. This plot is generated by stacking multiple
frequency spectra in 10 rpm speed increments. During this startup procedure, a TNF was
detected at 28.5 Hz. When passing through this torsional frequency, the dynamic torque would
increase significantly which results in damaging dynamic torques being transmitted. A waterfall
plot with the highlighted TNF occurring at 28.5 Hz is shown in Figure 8.
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Figure 8: Waterfall plot with a torsional natural frequency shown [11].
Image from the 37th Turbomachinery Symposium used with publisher permission.

During the start-up sequence, it can be seen from the plot that the TNF was excited at 95 rpm
and again later at 570 rpm. It was found that when passing through these torsional resonances

the dynamic torque increased accordingly. Operation at, or around, this TNF would need to be
avoided for normal operation of the drive. The drive parameters were adjusted to take into

account the discovered TNF by setting the skip frequency to 29 Hz with a bandwidth of £3 Hz.

With the drive re-configured, the problem was not entirely solved as the fan system would fail at
a later stage with the same 45 degree crack in the shaft. With numerous drive settings
attempted, the problem persisted and it was decided to run the VSD as a soft starter to
determine if the drive was the cause of the TNF issue. A new coupling with the original
specification was installed and it was found that the TNF would reduce to 24 Hz. This was
attributed to the smaller coupling size and reduced overall torsional stiffness [11].
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The VSD was then setup to operate in an “across-the-line” mode, also referred to as a bypass
mode. In bypass mode, additional control circuitry is added such that the VSD is bypassed via
an external contactor such that the VSD is then isolated from the load. When operating in this
mode, it was found that the dynamic torque was greatly reduced. When operating the VSD in
normal operation, the dynamic torque was dramatically increased. A waterfall plot of the drive
running in “across-the-line” is shown in Figure 9.
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Figure 9: Waterfall plot with VSD operating in “across-the-line” mode [11].
Image from the 37th Turbomachinery Symposium used with publisher permission.

From the new plot it can be seen that the TNF is now barely noticeable at 24 Hz. For this
particular case, running the VSD in this manner was not a long term solution. The drive
manufacturer was then contacted with the torsional model that was used and with the methods
used to calculate the TNF based on the parameters of the motor and shaft from the installation.
With the TNF calculation described earlier, the drive manufacturer was able to incorporate the
torsional model into the electrical simulations of the drive. With the changes to the drive
software, the following differences were noticed.

Table 4.2.1 : Comparison of old and new VSD drive configuration [11].

Item

Drive (with old software)

Drive (with updated software)

Duty Cycle update

1/carrier cycle

2/carrier cycle

Dead time Comp.

1/carrier cycle

2/carrier cycle

Bus voltage feedback

Non-linear filtering

Moving Average

DC Line choke

Saturating

Non-Saturating
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Based on the new drive software, the dynamic torque still exceeded the safe operating limits at
speeds noted at 560 rpm and 600 rpm (occurring at frequencies 26 Hz and 30 Hz respectively).
In the analysis that followed, it was determined that when running through speeds of 700 rpm
and 1200 rpm, the dynamic torque would reduce low enough that safe operation of the drive
was possible.

For this particular case study, it was determined that the VSD was the source of much of the
TNF experienced in the system. Discovering the VSD as the source of the excitation was
determined when the drive was reconfigured as a soft starter. When bypassed the fan was
operating at constant speed, when operating in this configuration the dynamic torque was
reduced to 10% of the motor rated torque [11]. With new software installed in the drive and with
the assistance of the drive manufacturer and setting the skip frequencies to 26 Hz and 30 Hz,
the damaging torsional vibrations that would occur at those frequencies can be avoided.

The case study shows the effect torsional vibrations have on a mechanical shaft and system. In
this study it was found that the VSD contributed to the problems in the system. In the simulation
section of the research report, it will be assumed that the VSD will not interfere with the system.
The case study serves as an example of what may occur in a real world configuration involving
a VSD when compared to a VSD in a simulation environment.

The next section in the report will discuss the various control philosophies and will delve into the
mathematical modeling of each. The modeling is presented such that whichever philosophy is
used in a simulation, one has a basic understanding of what is occurring during the simulation.
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Control topology for induction motors

DTC is a control technique used in VSDs to control the overall torque and speed of induction
motors. DTC calculates the magnetic flux and torque based on measurements from the voltage
and currents from the motor. A more detailed description will follow on the how DTC is
achieved. There are various control philosophies that can be utilized. For the purposes of
control of the motor, Space Vector Modulation (SVM) will be utilized with the DTC control
scheme. A block diagram demonstrating the various control topologies is shown in Figure 10.

Scalar VsD Vector

Control | Control
[

Constant Volt/Hz

Direct | |

Torque | pDTC FOC

Control : :

| Field Orientated
| | Control
SV Ds5C

Space vector Direct self
Modulation Control

Figure 10: Various control topologies for a VSD.

In order to accurately describe what is occurring in the simulation, a description of the theory on
what occurs via vector control, DTC and finally SVM will be discussed.

5.1 Dynamic analysis in terms of dg-windings

Before the simulation is analyzed, the equations to analyze the induction machine operation
under dynamic conditions will be developed. Space vectors are used in transforming the a-b-c
windings into the equivalent dg windings to obtain the stator and rotor transformation matrices.

While the motor is operating, the stator and flux linkages are dependent on the rotor angle [12].
In order to control an induction machine accurately using vector control, d- and g-axis analysis
of the stator and rotor is required.
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5.2  Stator dq-winding representation

A representation of the stator mmf by equivalent dq windings is shown in Figure 11.
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Figure 11: Representation of stator mmf by dq windings [12].
Image used with publisher permission.

At time t, the phase currents i, (t), i,(t) and

i.(t) are represented by a stator current space

vector 1,(t) An mmf space vector f;(t) is related to the stator current space vector by a factor of
%, with N being the number of turns per phase and p the number of poles. The stator current

vector can be described as follows:

T9(t) = iy (1) + iy(t)el2T/3 + i (t)e4m/3
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For dynamic analysis and control of AC machines, two orthogonal windings must be
synthesized such that the torque and the flux within the drive can be controlled independently
[12].

At any one time, the air gap mmf distribution by three-phase windings can be produced by a set

of two orthogonal windings (shown in Figure 11.b) with each being sinusiodally distributed by \E

N, one along the d-axis and the other along the g-axis. With this analysis the dg-windings are
set to an angle 6,, with respect to the a-axis, the currents is; and iy, in their respective windings
will have specific values. These values can be obtained by equating the mmf produced by the
dq windings that are produced by the three phase windings which can be represented by a
single winding with turns N; which is shown via the following equation [12].

3/2.Ns ,. . _N
T (st isg) =25 (10)

The stator current space vector is expressed using the d-axis as the reference axis and is
shown as follows.

(et i) = 257 1)

The above equation shows that the dg winding currents are ,/2/3 times the projection of the
stator current space vector along the d- and g-axis. From Figure 11.c the i5; and is, current

vectors are ,/2/3 times the projection of the current space vector along the d and g axis

respectively. Given this relationship the reciprocal factor of /3/2 is used in the number of turns
for the dg-windings to ensure that the d and g winding currents produce the same mmf
distribution as the three phase winding currents [12].

Figure 11.b shows that the d and g windings are mutually decoupled magnetically due to the
orthogonal orientation. The ,/3/2 N, turns for each winding causes the magnetizing inductance
to be L,,. The magnetizing inductance is shown as follows.

3
Lm = \/; Lm,l—phase (12)

5.3 Rotor dg-winding representation

The rotor mmf space vector ﬁ(t) is produced by the combined effect of the rotor bar, with bar
having N, turns. Figure 12 shows a representation of the rotor mmf by equivalent dg winding
currents.
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Figure 12: Representation of rotor mmf by dq windings [12].
Image used with publisher permission.

As with the stator current space vector, the rotor current space vector can be described as
follows:

O = ia®) + i[O/ + ic(H)e*/ (13)

The mmf and rotor current can be produced by the components irp and ig, flowing through
their respective windings. It should be noted that the chosen d and g-axis for the rotor will be the
same as the stator d and g-axis. The winding factor for the stator of ,/3/2. N, will be the same

for the rotor configuration, with the same magnetizing inductance, L,,, due to both the stator and
rotor having the same amount of turns [12].

Figure 13 demonstrates that by combining the dq stator and rotor windings one is able to obtain
a stator and rotor representation by equivelant dg windings [12].

g-axis

d-axis

Figure 13: Stator and rotor representation by equivalent dq windings [12].
Image used with publisher permission.
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The mutual inductance between the stator and rotor d-axis windings is equal to L,,. This is the
result of the magnetizing flux crossing the air gap. The same mutual inductance value carries
over to the g-axis as well.

5.4 Stator Mathematical relationship of the dq-windings

By equating the stator and rotor stator current vectors, one is able to determine the respective
stator and rotor transformation matrices. From the stator and rotor representation of the
equivalent windings, the d-axis from the stator perspective is shown to have an angle 6,, with
respect to the a-axis. The stator current vector can be represented as follows:

(1) = (e /04 ® (14)
Substituting the equation (9) into equation (14) yields the following:
i;(t) = iae—jeda + ibe—j(Qda—Zn/3) + ice—j(eda—4n/3) (15)

By equating the real and imaginary components to i;; and i, the following transformation matrix
to transform the stator a-b-c phase winding currents to the corresponding dq windings current
known as [Ts]abc->dg-

[ 16
lsq ®) —sin(f,,) —sin(@4q — Z?E) —sin(fgq — 4?”) ii 8 “e

b ). I[coswda) 05000 =) 05(0gq — ) |[ia )

A simple diagram explaining the transformation is showing Figure 14.

Jp— .

-IEI ' >l

' > [T, 5 ]abc —=dg .

. — 1 g
eda

Figure 14: Block diagram of the stator transformation matrix [Ts]abc->dq [12].
Image used with publisher permission.

5.5 Rotor Mathematical relationship of the dq-windings

Similar steps are taken where the rotor phase currents are involved, as with the stator current
vector. As before, from equation (7), the rotor current vector is represented as follows:

TA(t) = ia(t) + ip(t)e?®™/3 + ig(t)e/*m/3 (17)
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As with the stator, from the rotor perspective, the d-axis is at an angle 6,,. The rotor current
vector with respect to the A-axis is written as:

L0 = At /0O (18)

By applying the same substitution that was done with the stator, the following equation is
obtained.

ﬁ(t) = iAe—jedA + l-Be—}'(BdA—ZTE/S) + ice—j(BdA—4n/3) (19)

Again by equating the real and imaginary components, the transformation matrix, [T ]agc->dq IS
obtained.

lrd (t)] \[ l cos(Baa)  cos(Baa — 2?71) cos(8ga — —) ] llA ®

20
qu ®) —sin(Bg4) —sin(Bgy — 2?71) —sin(0ga — 12 Eg] )

Similar with the stator block diagram, a block diagram representation is shown in Figure 15.
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Figure 15: Block diagram of the rotor transformation matrix [Ts]JABC->dq [12].
Image used with publisher permission.

The inverse stator transformation matrix [Ts]qq->asc Can be obtained via the following matrix.

(0 cos(04q) _Sin(eda)
ip(t) \/E cos(Bgq + 4?”) —sin(4q + ) [izZ] (21)
ic(t) cos(Baq + ?n) —sin(0gq + 2?”)

A similar inverse transformation matrix can be obtained for the rotor by replacing the 64,
component of the above matrix with a 8,;, component, such that the inverse rotor transformation
matrix [T ]aq->asc iS Shown as follows:

i () cos(Bga) —sin(QdA)
[iB(t)‘ 2 cos(B4a + —”) —sin(f44 + ) [zsd] 22)
fe(®) C05(9dA + ?ﬂ) —sin(B44 + 2?" *

It is these matrices that are present in the simulation that play a role in the vector control
component of the simulation.
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Vector control

In applications where accurate control of speed and position is required, vector control can be
used. Vector control of an induction motor emulates the performance of a DC motor and
brushless-DC motor servo drives [13]. In these applications torque is the variable that requires
the most control where speed and position are critical. This section discusses how a step
change in torque is achieved by vector control and how it applies to the simulation.

For a DC drive, the commutator and brushes ensure that the mmf produced by the armature-
current is perpendicular to the flux produced by the stator field. With these fields remaining
stationary, the electromagnetic torque T,, produced by the motor depends on a linear
relationship with the armature current, i, such that the torque equation is as follows:

Tem = kT . ia (23)

With the k; component being the DC motor torque constant. In order to change T,,,, as a step,
the armature current is changed as a step. In terms of an AC drive, this step change is done
using a current controller. The current controller keeps the stator current space vector, i5(t), 90

degrees ahead of the rotor field vector B, (t), this is shown in Figure 16.

t;: .-’5;;;_1'" B e ;-;':_!

Figure 16: Example of control unit assistance, the stator current is 90° ahead of rotor field [13].
Image used with publisher permission.

Based on the stator current space vector being 90 degrees ahead of the rotor field vector, the
torque Tem, depends on the amplitude of the stator current space vector Is.
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The controller changes the amplitude of I; to produce a step change in the torque. This is
achieved be changing i,(t), ip(t), and i.(t) accordingly such that 1,(t), is kept 90 degrees ahead
of BT(t) in the direction of rotation [13]. A general layout of the controller that controls the current
space vector and how it applies to the simulation is shown in Figure 17.

Vector Motor Shaft |

Control _
Current Speed
<:<::| feedback feedback

Figure 17: Basic vector control of the drive [13].

The overall task is to supply the desired currents based on the reference signals to the drive.

One method of achieving the currents required is in the use of hysteresis control [13]. The
phase current is measured and compared with a reference value in the hysteresis comparator,
the output of the comparator determines the switching state. An approximate waveform of the
hysteresis control is shown in Figure 18.
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Figure 18: Approximate wave form via hysteresis control [14].
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Direct Torque Control

The principle of DTC is to directly select voltage vectors according to the difference between
reference and actual value of torque and flux linkage. If either the actual flux or
torque deviates from the reference value more than the allowed tolerance, the DTC algorithm
will control the VSD in such a manner that the actual flux and torque will return within their
hysteresis band as fast as possible [15].

Depending on the position in the hysteresis band, a voltage vector is selected from a lookup
table. This technique is referred to as Space Vector Modulation, which will be discussed in a
later section. Advantages of DTC include a low level of complexity as that it requires only one
motor parameter, the stator resistance. This resistance uses an Alpha (a) and Beta (B)
reference frame for the stator when compared to the d and q references of the rotor and stator
of vector control.

With DTC, one of six voltage vectors is applied during the sampling period and all calculations
are done in a stationary reference frame [15]. A general block diagram of the DTC algorithm is
shown in Figure 19.
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Figure 19: Block diagram of the DTC algorithm [15].
Image used with publisher permission, Copyright © 2012, IEEE.
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From the above diagram, the green area indicates the flux hysteresis control, the blue is the
torgue and flux calculation and finally, the red is the SVM look-up table. As indicated, DTC aims
to control the flux linkages directly rather than controlling the currents as is done in vector
control. Within the Simulink model, a DTC control section gathers the torque and flux as inputs
and feeds them into the DTC control model for calculation. The manner in which DTC control
applies to the simulation, is shown in Figure 20.

Flux & Torgue hysteresis
= Torgue*
Torgue® H_phi—&H Phi
Flu® —
T, | Flue Gates W Pulses RF Pulses —w ———
— L Gates
H_Te —I8HTe Switching control
Torgue - - Torgue
(A—— 128 9 a
|_ab
Flux_est — ¥ Flux est
Fluz: - - Flux
|
Magc w w1z
(3 F——W{V_abc (I {mm MagC
V abc - angle —M Flux_angle sector Sector Wlag

Flux sector seeker
Torque & Flux calculator Switching table

Figure 20: DTC block diagram from simulation.

7.1 Flux and Torque Hysteresis

The flux and torque hysteresis block contains a hysteresis comparator for the flux control and a
hysteresis comparator for the torque control. For the torque hysteresis band, the value is the
total band distributed symmetrically around the torque set point. For the stator flux hysteresis
band, the value is the total band distributed symmetrically around the flux set point. Figure 21
show the hysteresis limit bands for the torque and hysteresis bands.
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Figure 21: Flux (a) and Torque (b) comparator band limits [17].
Image used with publisher permission, Copyright © 2000, IEEE.
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7.2 Flux and Torque Calculator and sector seeker

The torgue and flux calculator control block is used to estimate the motor flux a and
components in addition to the electromagnetic torque component. The a and  control block is
used to determine the sector of the a and B plane in which the flux vector lies. The a and
plane is divided into six different sectors spaced 60 degrees apart.

The eight vectors are referred to as the basic space vectors and are denoted by (Vo, V1,V2, V3,
V4, Vs, Ve, V7). Figure 22 shows the basic vector representation.

W2 ={0,10) VE={1,10)

VE=(L10)

VB=(011] i = Vi ={1,0,0) W = (1,0,0)

v

M

1=(0.01) VE = (1,0,1)

-

[B]

Figure 22: Basic voltage vectors (A) and the Sector 1 voltage vector (B) [18].

7.3  Switching table

The switching table block contains the lookup table that selects a specific voltage vector to
correspond with the output of the flux and torque hysteresis comparators. This block is also
used to produce the flux in the machine. The switching table is tabulated below.

Table 7.3.1: Look up table based on the voltage vectors [15].

Voltage Switch Vectors Line to Neutral Line to Line
Vectors Voltage Voltage
A B C Van Vbn Vcn Vab Vbc VO
Vo 0 0 0 0 0 0 0 0 0
V, 1 0 0 2/3 -1/3 -1/3 1 0 -1
Ve 1 1 0 1/3 1/3 -2/3 0 1 -1
V, 0 1 0 -1/3 2/3 -1/3 -1 1 0
V3 0 1 1 -2/3 1/3 1/3 -1 0 1
Vy 0 0 1 -1/3 1/3 2/3 0 -1 1
Vs 1 0 1 1/3 -2/3 1/3 1 -1 0
V- 1 1 1 0 0 0 0 0 0
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Space Vector Modulation

Space Vector Modulation (SVM) was developed as a vector approach to PWM for three phase
inverters [15]. It is a more complicated method for generating a more sinusoidal output voltage
that is then applied to the motor. The goal of any modulation technique is to obtain a variable
output voltage with variable frequency having a maximum fundamental component with
minimum harmonics [15]. Space Vector PWM (SVPWM) is an advanced method and possibly
the best technique for variable frequency drive application.

In this modulation technique the three phase quantities can be transformed to their equivalent
two-phase quantities either in a synchronously rotating frame or a stationary frame. From these
two-phase components, the reference vector magnitude can be found and used for modulating
the inverter output. When a three-phase voltage is applied to the AC machine it produces a
rotating flux in the air gap of the AC machine. This rotating resultant flux can be represented as
a single rotating voltage vector.

The magnitude and angle of the rotating vector is found by means of Clarke’s Transformation
[15]. To implement the SVPWM, the voltage in the stationary dq reference frame that consists of
the horizontal (d) and vertical (q) axes is used, similar to that of Figure 12, for the dg windings
with reference to the stator.

Based on the instantaneous current and voltage measurements, one can calculate the voltage
required to drive the output torque current component and the stator flux current component to
the required values. The required voltage is produced utilizing SVM. The voltage and motor
currents can be used to estimate the instantaneous stator flux and output torque [15].

If the inverter is not capable of generating the required voltage then the voltage vector which will
drive the torque and flux towards the demand value is chosen and held for the complete cycle.

With the various modulation techniques for multilevel inverters, SVPWM has a number of
advantages. Firstly, it directly uses the control variable given by the control system and
identifies each switching vector as a point in complex (a, B) space. Secondly, it is suitable for
digital signal processor implementation and finally, it can optimize switching sequences [15].
From the basic vector diagram shown in Figure 22, SVPWM is able to split the vectors into
further regions by splitting each sector into triangles as shown in Figure 23.
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Figure 23: Space Vector diagram of a three-level inverter [16].

Electrical and mechanical circuit modeling

In order to discuss how a torque damping effect occurs in a rotational system, two systems will
be analyzed via first principles. The analyses of the two systems will then be used to develop a
third system of a rotational torsional system. The first system will be that of an RLC electrical
circuit and the second system will describe the mechanical analogue to the RLC electrical circuit
via a mechanical spring-damper system and how damping is achieved in these systems.

The third system will be that of a rotational mechanical system with its elements translated from
the spring-mass-damper mechanical system. Before the damping effect can be described, a
simple LC circuit will be analyzed with oscillating behavior and how introducing a resistor can
provide a damping effect. Upon the completion of the rotational mechanical analogue, the
rotational model will then be applied to a wind turbine system and a VSD acting as a resistor
can provide damping following a disturbance in the system.

29



9.1 Oscillations in an LC circuit

When an inductor is connected to a capacitor, they form a simple LC circuit as shown in Figure
24.
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S

Figure 24: Simple LC circuit [19].
Image used with publisher permission.

If the capacitor is assumed to be initially charged when the switch is closed, both the current in
the circuit and the charge on the capacitor will oscillate between maximum positive and negative
values [19]. If the resistance in the circuit is assumed to be zero, no energy is dissipated. With
zero resistance, the oscillations in the circuit will persist indefinitely.

Observing the circuit from an energy standpoint, it will be assumed that the capacitor has an
initial charge Q.4 and the switch is thrown t = 0. The energy U in the circuit is stored in the

2
electric field of the capacitor and is equal to Q’Z”%. At this moment, the current in the circuit is

zero and no energy is stored in the inductor. After the switch is closed, the rate at which charge
leaves or enters the capacitor is equal to the current in the circuit. When the switch is closed,
the capacitor begins to discharge and the energy in its electric field decreases. The discharging
effect of the capacitor now represents a current in the circuit and some energy is stored in the
magnetic field of the inductor [19]. Energy is transferred from the electric field of the capacitor to
the magnetic field of the inductor.

When the capacitor is fully discharged, it will store no energy. At this moment, the current
reaches its maximum value and all of the energy is stored in the inductor. The current will
continue in the same direction, decreasing in magnitude, with the capacitor becoming fully
charged, with the opposite voltage polarity. This is then followed by another discharge until the
circuit returns to its original state of charge, Q,,4, With plate polarity that was shown in Figure
24. The energy continues to oscillate between the inductor and the capacitor [19].

The oscillations of the LC circuit are an electromagnetic analog to the mechanical oscillations of
a mass-spring system. A graphical representation of the energy transfer of the LC circuit and
that of a mechanical spring-mass equivalent system is shown in Figure 25.
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Figure 25: Energy transfer in an LC circuit and equivalent spring-mass mechanical analog [19].
Image used with publisher permission.

It can be noted from Figure 25, with assuming a maximum charge on the capacitor, Q,,4, at
t = 0 the mass is positioned in an equivalent position such that the spring is fully extended.

For the above figure, the intervals are shown in one-fourth the period of oscillation T. The
potential energy %kx2 stored in a stretched spring is analogous to the electrical potential energy

2
% stored in the capacitor [19]. The kinetic energy, %mvz, of the moving block is analogous to

the magnetic energy, %LIZ, stored in the inductor. In Figure 25-(a), all the energy is stored as
electric potential energy in the capacitor at t = 0. In Figure 25-(b), where t is one-fourth that of
the period T, all the energy is stored as magnetic energy, %lemax in the inductor, where I, is

the maximum current in the circuit. Figure 25-(c) shows the energy in the circuit is now
completely stored in the capacitor, with the polarity of the plates in now in the opposite direction
when compared to plates at t = 0.

Considering an arbitrary time t after the switch is closed, such that the capacitor has a charge
Q < Quax and currentis I < I,qy.

During this time, both LC elements will store energy and the sum of the energies must equal the
total initial energy U stored in the fully charged capacitor at t = 0. The equation the total energy
in the system is represented as follows:
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Q% 1,5
U= U, + UL:EJ’E“ (24)

In the initial assumption, the circuit resistance is assumed to be zero, such that no energy is

dissipated. Under this assumption, the total energy must remain constant in time, indicating that
‘;—Lt' = 0. Differentiating the above equation with respect to time, with Q and I varying with time,

the following equation is obtained [19].

w_ d
dat dat

Q% 1,52y _ Qde a _
(2C+2LI)_Cdt+LIdt_0 (25)

The equation can be simplified further if one takes into account that the current in the circuit is
equal to the rate at which the charge on the capacitor changes, designated by [ = %. This
results in Equation 25 taking the form of as follows:

Qe _
Lz =0 (26)
2
Solving for ‘in results in the following:
2e__Q
a2 = LC (27)

It can be noted that the above expression takes the same form as the analogous spring-mass
equations as follows:

d’x _  k

— 2
— = —-—=Xx=-w
dt? m

x (28)
Where k is the spring constant, m is the mass of the block and w = ,/k/m. The equation then
has the general form of:

x = Acos(wt + ¢) (29)

Where w is the angular frequency of the simple harmonic motion, A is the amplitude of motion
(the maximum value of x) and ¢ is the phase constant. Such that the charge equation can take
the following form:

Q= Qmaxcos(wt + ¢) (30)

The term Q,,,, iN the above equation is the maximum charge of the capacitor and the angular
frequency is represented by:

1

w= =
VIC

(31)
From the above equation, it can be noted that the angular frequency of the oscillation is a

function of the inductance and capacitance. This is referred to as the natural frequency of
oscillation of the LC circuit [19].
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As the charge, Q ,varies sinusoidally, so will the current, I, also vary sinusodally in the circuit.
This can be shown by differentiating equation 30 with respect to time and obtaining the following
equation:

[ = Z—f = —wQmaysin(wt + ¢) (32)

In order to determine the phase angle, ¢, one is required to set initial conditions at t =0, =
0 and Q = Qqx- Equation 32 now becomes the following:

0 = —wQmaxsin(¢) (33)

With the initial conditions, the phase angle is zero. The phase angle is consistent with Equation
30. With the condition that Q = Q,,4, at settingt = 0, the follow equations for Q and I are
obtained [19].

Q = Qmax cos(wt) (34)
I = —wQpaxSin(wt) (35)
= —IpaxSin( wt)

The graphical representation of Q versus t and I versus t is shown in Figure 26.
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Figure 26: Charge and Current versus time [19].
Image used with publisher permission.

From Figure 26 it can be noted that the charge on the capacitor oscillates between extreme
values of Q.4 and —Q,,4, With the current oscillating between I,,,,, and —I,,,,. It can also be
seen that the current is 90 degrees out of phase with the charge. Such that when the charge is
at its maximum, the current will be zero and when the charge is zero, the current will be at its
maximum value [19].
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In the LC circuit analyses, it was noted that with no circuit resistance, the oscillation will continue
indefinitely. Realistically, with circuit resistance and a capacitor’s equivalent series resistance
(ESR), with ESR being defined as losses from a capacitor due to the resistance of the dielectric
plates, energy will be dissipated in the circuit. This then leads to an analysis of an RLC circuit.

9.2 The RLC circuit and mass-spring-damper system

Taking the LC circuit and adding a resistor in series with the inductor and capacitor circuit
results in the circuit shown in Figure 27.
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Figure 27: Series RLC circuit [19].
Image used with publisher permission.

As before, the capacitor is assumed to have an initial charge of Q,,4, att = 0 when the switch is
closed. As previously, the energy at any given time is given by Equation 24. However with this
circuit configuration, the energy is no longer constant as was with the LC circuit, as the resistor
now dissipates energy. As the rate of dissipation of energy from the resistor is given by I?R, the
following equation is obtained. Ideally, a lossless capacitor is assumed, with an ESR of zero.

av _ 42
= I°R (36)
The negative sign in the equation indicates the energy is decreasing in time. Substituting this
component into equation 26 gives the following equation:

QdQ

Qde a_ 52
Cdt+L1dt— I*R (37)

In order to convert the equation into an electrical equation that compares electrical oscillations
to that of a mechanical analog, we use the form from Equation 32, that I = % and substitute

into the above equation and shift the terms to the left-hand side and divide through by I to give
the following equation for the RLC circuit:

2Q, pde, Q_
Ldt2+Rdt+C—0 (38)
The RLC circuit equation is now analogous with a damped mechanical oscillator circuit equation
shown as follows:

d?x

I HbT 4 kx =0 (39)

m
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Observing the equivalent mechanical circuit for Figure 25 and using the above equation, the
following analogous system to that of the RLC circuit if shown in Figure 28.

Figure 28: Block-spring system analogous to a RLC circuit [19].
Image used with publisher permission.

In Figure 28, the resistive component of the mechanical analogue is represented by a viscous
medium. The damped harmonic motion is representative of the RLC circuit. When observed
from a Force-Current viewpoint, it can be noted that displacement, x, corresponds to flux
linkage, w. The reciprocal of inductance, L, corresponds to spring stiffness, k, while the
capacitance, C, corresponds to m, the mass of the block. How these terms relate to a rotational
mechanical system in terms of velocity and torque will be discussed in the section that follows
on from this discussion, in the rotational mechanical system analysis.

If we assume the value of the resistance in the RLC circuit to be small (a situation that would
provide a light damping effect in the mechanical analogue) the following equation is obtained:

—Rt

Q= Qmaxeicos(wdt) (40)

The w, term is representative of the following:
R R1?
wa =5 |5] (41)

This equation represents the angular frequency at which the circuit oscillates. This indicates the
charge on the capacitor experiences a damped harmonic oscillation which is analogous to the
mass-spring system in the viscous liquid shown in Figure 28.

A figure showing a side by side comparison of the charge versus time of the LC circuit (with no
resistance assumed) when compared to that of the RLC charge versus time circuit is shown in
Figure 29.
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Figure 29: LC circuit (a) versus RLC circuit (b) charge versus time [19].
Image used with publisher permission.
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From Figure 29, it can seem that the maximum value of Q,,,, decreases with each oscillation,
just as the amplitude of displacement of the damped block-spring would damp over time. As the

current, I = Z—f it can be observed that the current undergoes a damped oscillation behavior in

the RLC circuit. With the RLC circuit and its resistive component defined, the equivalent spring-
mass-damper mechanical analogue would take the following form shown in Figure 30.
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i
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Figure 30: Spring-mass-damper mechanical analogue to a RLC circuit.
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With the electrical and mechanical systems modeled, the analogies of the RLC electrical circuit
and the mechanical system can be summarized via the table below using force-current and
velocity-voltage analogies.

Table 9.2.1: Force-current and velocity-voltage analogies between electrical circuits and mechanical
translational motion systems [19].

Electric circuit Mechanical translational motion
system
Voltage ve m/s Velocity
Current ieo f Force
Flux linkage Yo x Displacement
Capacitance Com mass
Reciprocal of Inductance 1 ok Torsional Spring stiffness
L
Reciprocal of Resistance l o b Viscous friction coefficient
R
— > -
RLC Circuit d_l/) N ld_l/) N 11/} 0o Damped mass on a spring
dt> Rdt L

d?x

m
dt?

+b% 4 kx=0
at

9.3 The rotational motion mechanical system

Now that the electrical and translational mechanical systems have been covered to serve as a
frame work, the rotational mechanical system is derived. Rotational mechanical systems are
handled in the same manner as translational mechanical systems. Except that torque replaces
force and angular displacement replaces translational displacement [20]. The mechanical
components for the rotational system are the same with the exception that the components
undergo rotation instead of translation.

The component with their relationships between torque, angular velocity and angular
displacement are shown in Figure 31.
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Component Torque-angular velocity Torque-angular Impedance
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Figure 31: Component relationships between torque, angular velocity and angular displacement [20].

From Figure 31, it can be noted that the symbols are the same as the translational mechanical
system, but in this case, the components are undergoing rotation. The term associated with
mass has been replaced with moment of inertia. The impedance terms K, D and J are referred to
as the spring constant (expressed in N-m/rad), the coefficient of viscous friction (expressed in
N-m-s/rad) and the moment of inertia (expressed in kg-m?), respectively.

An example of how the components are applied to a rotating mechanical system is shown in
Figure 32.
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Figure 32: Rotating mechanical system [21].

The term T in the above figure is the torque that allows the disc to turn. The three basic
components of the rotational system is the moment of inertia, the viscous friction and the
torsional spring component. From Figure 31, the equation that governs the rotating mechanical
system is as follows:
dze de

T_]F+DE+ Ko (42)
For the above rotational mechanical system, the equivalent mechanical system is shown in
Figure 33.

h 4
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Figure 33: Mechanical equivalent of a rotational system [21].

The circuit shown in the figure above describes that of the torque-current and angular velocity-
voltage analogies. Such that the equivalent RLC circuit for a torgue-current and angular
velocity-voltage analogous system is shown in Figure 34, it can noted that the torque in the
system is now represented by current and is driven by a current source.
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Figure 34: RLC equivalent circuit [21].

The figure above is analyzed with the following equations:
it = iL + iR + iC
Such that for the capacitive element, the equation are as follows:
q==Cv= f i.dt
=Y
lc = Cc dat
For the inductive element, the equation is as follows:
iL - %IU dt
And finally, the resistive element is shown as follows:
v
Ip =+
Substituting the above equation into equation 43 gives the following equation:

i =7 [vdt+ 2+ CZ

(43)

(44)

(45)

(46)

(47)

d
In terms of flux linkages, y, equation 47 can be represented by substituting v with d—lf which

results in the following equation:

L _ oY 1dyp 1
lt_Cdt2+Rdt+Llp
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This equation can now be compared to the translational mechanical system from equation 39.
With this equation, the torque-current and angular velocity-voltage analogies for a mechanical
rotational motion system and electrical circuit are shown in the table below.

Table 9.3.1: Force-current and velocity-voltage analogies between mechanical translational motion
systems, electrical circuits and torque-current and angular velocity-voltage analogies for a mechanical
rotational motion system [21].

Mechanical translational Electrical Mechanical rotational
motion systems circuits motion systems
Force, f Current, i Torque, T

mass, M Capacitance, C Moment of inertia, J
Viscous friction coefficient, D Reciprocal of resistance, 1/R  Viscous friction coefficient, D
Spring stiffness, k Reciprocal of inductance, 1/L  Torsional spring stiffness, K
Displacement, x Flux linkage, y Angular displacement, 6
Velocity, m/s Voltage,v Angular velocity, w

Finally, from the above table, the equation that governs how a mechanical rotational system
oscillates can be obtained. From equation 41, the resulting equation on the oscillation of a
rotational system can be expressed as follows:

K
w= _[-
J

- [f—]]z (49)

9.3.1 Disturbance damping in an electrical and mechanical system

Prior to analyzing the disturbance damping from an electrical and mechanical standpoint, the
parameters of the RLC circuit in Figure 27 will be defined such that the behavior of the system
can be observed when applying unit step input. In order for the voltage and current waveforms
to be in-phase during a disturbance, the reactance of the inductor and capacitor are required to
be equal, the inductive reactance is calculated with X, =2rfL, while the capacitive reactance is
calculated with Xc = 1/2nfC. A frequency of 50 Hz will be used in both cases.

For the first case, the resistor value is set to 1 Q, the inductor is set to 20 mH, and finally, the
capacitor is set to 506.621 pF. Given these parameters, the reactance of the inductor and
capacitor will have equal values of 6.283 Q. A unit step input is applied and the system
response is observed in Figure 35-(a).

For the second case, to achieve a scenario where the current waveform to lags the voltage, the
inductive reactance is required to be increased. The resistor and capacitor values will remain
unchanged. The inductor value is now set to 100 mH. This results in an inductive reactance
value of 31.416 Q. A unit step input is applied, and the system response is observed in Figure
35-(b).
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With the electrical and mechanical analogue systems described, two waveforms will be
analyzed via the RLC circuit and two waveforms from the mechanical system perspective. The
first waveform will be that of the voltage and current waveforms being in-phase, leading to a
critically damped response when a disturbance occurs. The same waveforms for speed
variation and torque will be carried over to the mechanical system, describing how applying a
torgue in-phase with the speed variation provides a damping torque.

A second set of waveforms will describe the disturbance response when the voltage and current
versus the speed variation and torque waveforms are applied slightly out-of-phase, providing an
under-damped response.

From the analogue systems described, the equation that governs the electrical and mechanical
system is shown:

VI = Werror Tdamping (50)

The equation summarizes the previous discussion where voltage and current in the RLC circuit
equates to the speed error variation, werror , and the torque component, Tygmping, Of the
rotational motion system. Figure 35 shows the two waveforms that will be associated with the
RLC circuit and their respective system responses.
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Figure 35: Waveforms for voltage and current being in and out-of-phase for a RLC circuit.
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Figure 35-(a) shows what occurs when the voltage and current waveforms being perfectly in
phase during a disturbance. The system damps the disturbance as quickly as possible to return
to a steady state with minimal oscillations due to minimal energy interaction between the
capacitor and inductor.

Figure 35-(b) shows what occurs when the voltage and current waveforms are slightly out-of-
phase and the damped system response beneath. During a disturbance, there is energy
transfer occurring between the capacitor and inductor for a longer duration. As a result, power is
dissipated across the resistor resulting in the damped oscillations being more pronounced when
compared to the ideal damped response resulting in the system taking a longer time to return to
a steady state condition.

From Figure 35-(a), there is minimal energy interaction between the inductor and capacitor and
the majority of the power is dissipated across the resistor. In this state, the system provides an
ideal damped response, damping the power with minimal oscillations and returning the system
to a steady state as quickly as possible.

The under-damped and ideal damping will transfer into a mechanical system as well. Figure 36
shows what occurs when the speed error variation and damping torque waveforms are in-phase
versus a system with a where the damping torque is applied slightly out-of-phase with the speed
variation.
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Figure 36: Damping Torque and speed variation waveforms showing in and out-of-phase for a
mechanical system.
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When observing at how a damping torque is supplied via a VSD in a mechanical system based
on the RLC circuit approach, the motor damper windings will be briefly discussed.

During a steady state condition, the rotor speed is equal to the speed of rotation to the stator
flux, the damper circuits of the motor do not cut the magnetic flux and therefore have zero
current flow. However, during a transient condition, when a speed variation error occurs, the
damper circuits have relative motion with respect to the generator magnetic flux. As a result of
the rotor speed being different from the stator flux speed, flux cutting occurs, an emf is
generated and current flows.

In Figure 36-(a), a torque is applied that is in-phase with the speed variation error waveform,
this torque is referred to as the damping torque component or damping reference. The VSD
generates this damping torque by acting as a current source by injecting current into the system
that is in-phase with the speed variation component into the system, which results in minimal
oscillations.

The amount of current injected is obtained from external measurements to determine the speed
difference. The VSD then produces a torque component on the rotor which is in-phase with the
speed difference. This injected current generates the damping torque. The VSD representation
of a current source is the same as the current source analogue that was noted in Figure 34.

With the two waveforms being in-phase, the system is in a condition similar to that of the RLC
circuit of Figure 35-(a), providing an ideal torque damping component resulting in minimal
oscillations.

The majority of the damping power is dissipated across the resistance component of the
system. In the mechanical system, the VSD acts as the damper, with the power being
dissipated across the drives brake resistor.

The power is dissipated across the brake resistor to ensure an ideal damped response. This
ensures that the system returns to a steady state condition from the transient condition with
minimal oscillations.

In a generator system, the stiffness of the shaft is what causes the speed error between the
generator and shaft, i.e. the oscillation disturbance. It should be noted that as the amplitude of
the speed error varies, the amplitude of the damping torque will vary as well, such that the
damping torque component provided by the VSD can be described as a modulating torque.

Figure 36-(b) shows what occurs if the damping torque waveform was supplied slightly out-of-
phase with the speed variation waveform, the power would still be dissipated across the damper
element. However, in this case, as a prolonged exponentially decaying oscillating waveform.
This is as a result of some energy transfer occurring between the spring and mass mechanical
components and taking longer to return to a steady state, in this case the VSD drive is supplying
an under-damped, damping torque.
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From the above discussion, an oscillating electrical LC and a mechanical spring circuit
assuming zero resistance was described. Using first principles, an analysis was done on how
the two systems analogues relate to one another. The discussion then moved onto how looking
at these systems act realistically by adding a resistive component that dissipates energy and
how both systems are affected.

The translation was then used to serve as a frame work to move onto a rotational motion
system and how the electrical analogue system compares. Finally, it was noted from table 9.3.1,
how the analogues for torque and speed for a rotational system of motion translates to that of
voltage and current for an electrical system.

With the rotational motion system and electrical analogue circuit translation obtained, the
methodology will be applied to a wind turbine generator system. A mechanical approximation of
a wind turbine model will be formed based on the rotational motion system analogue with the
VSD acting as the damper element. The methods described of how, following a disturbance, i.e.
turbulent wind disturbance, damping is achieved via the VSD supplying a torque component
with the speed variation error.
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9.4 Mechanical analogues of directly connected generators

In using the mechanical approximation described in Figure 32 and applying a first approximation
approach to a wind turbine model, the behavior of a synchronous machine can be considered
analogous to a torsional spring [22]. Torque is proportional to the angle of the rotor and to that
of the stator field. This angle is referred as the load or power angle. When compared to that of
an induction generator, it can be thought of as a torsional damper where the torque is
proportional to the difference in speed between the rotor and stator field (i.e. the slip speed)
[22]. A mechanical approximation of a wind turbine model is described in Figure 37.
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Figure 37: Mechanical analogue of synchronous and Induction generators [22].
Image used with publisher permission.

It can be seen from Figure 37-a, the synchronous generator, is excited by a cyclic torque from
the wind turbine motor, there is no damping energy extracted from drive train to control torsional
oscillations. As this system is a 2-spring, 2-mass system.

Examining Figure 37-b, the Induction generator, the connection of the generator to the network
is represented with a torsional damper [22]. The cyclic torque of the wind turbine rotor will be at
blade passing frequency and this often closely matches the natural frequency of oscillation of a
synchronous generator connected to a network.
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The generator of a variable speed wind turbine is not connected directly to the electrical
network, but is instead de-coupled from the network. Based on the mechanical analogue, the
torsional damper can be represented by an external resistor connected to the rotor circuit or a
VSD. Varying the speed when using the external resistor involves a technique referred to as
variable slip operation.

9.4.1 Variable slip operation

Variable slip operation is in-between that of fixed and variable speed operation. The variable slip
generator is an induction generator with a variable resistor in series with the rotor circuit. This
resistor is controlled by a high frequency semi-conductor switch [22]. Below rated torque or
power, the external resistor is short-circuited and the generator acts as a conventional fixed
speed induction machine.

Above rated torque, varying the resistance allows the generator torque to be controlled and the
generator speed to increase [22]. In this configuration the system behaves similar to that of a
variable speed system. A steady state equivalent circuit of variable slip induction generator with
an external variable resistor is shown in Figure 38.
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Figure 38: Variable slip induction generator equivalent circuit with an external variable resistor
highlighted [22].
Image used with publisher permission.

When comparing the circuit to that of the RLC equivalent circuit, the external resistor is
representative of the resistor in the circuit, the generator would be representative of the
inductor, while the capacitor is equivalent to that of the transmission component. The
components are matched to the damper, mass and spring respectively, as described in Figure
37-b. Varying the value of the external resistor, would vary the current (i.e. torque, in the
mechanical equivalent) in the system.

The external resistor configuration has the advantage of controlling the torque in the drive train
and smoothing out aerodynamic torque variations above rated power at a cheaper rate than a
variable speed system, but it is not a true solution.

The main disadvantage of the external resistor system is that is does not allow the control of
power factor [22].
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By utilizing an external resistor connected to the rotor circuit, the entire power circuit is mounted
on the shaft (including the external resistor and power electronics). Mounting the external
resistor in such a configuration, allows any extra heat generated by the resistor to be dissipated.

9.4.2 Variable speed operation

By using frequency conversion between the generator and the network, it is possible to de-
couple the rotational speed of the generator and turbine from the network frequency [22]. This
allows the rotor speed to vary in order to maximize energy capture. The generator air-gap
torque can be accurately controlled while reducing mechanical loading [22].

By using a wound rotor induction machine and replacing the external resistors in the rotor circuit
with a frequency converter (i.e. the frequency converter now acts as the damping component in
the mechanical analogue) it would be possible to vary the speed of an induction generator. This
is referred as a Double Fed Induction Generator (DFIG). With a frequency converter now
between the generator and network, the equivalent circuit now changes that shown in Figure 39.

Rs  JXs X s

E " —
— ANN—TT T e YL AAN —

e |:u"“_‘

Figure 39: Steady state equivalent circuit of the DFIG [23].
Image used with publisher permission.

A development of the variable slip system is to replace the variable external resistor with that of
back-to-back frequency converters [23]. These converters apply a variable voltage (by injecting
current) at the rotor slip frequency and so allow operation above and below the synchronous
speed of the stator field. The synchronous speed of the stator field is determined by the network
frequency and the number of poles in the stator winding.

It can be seen from Figure 39, that the external variable resistor has been replaced with a
voltage source. This applies a voltage to the slip rings of the wound rotor at slip frequency. The
equivalent circuit has the rotor circuit referred to that of the stator such that the injected rotor
voltage is divided by slip.

With rated applied torque, the speed may be adjusted by varying the injected voltage into the
rotor circuit [23]. When mechanical oscillations occur, the converter applies a corrective signal
by varying the torque such that the torque oscillations are counter-acted.
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The use of a frequency converter when de-coupling the generator from the network in place of
the external resistor has the following advantages:

Below rated wind speed, the rotor torque can be varied to maintain peak aerodynamic
efficiency;

In the event the turbine blades approach a speed that they aren’t designed to handle,
the rotor is able to act as a flywheel to prevent torque fluctuations from entering the
drivetrain;

The VSD is able to precisely control the air-gap torque. This allows gearbox torque
variations to be kept at a minimum. This allows the VSD to provide a damping torque to
eliminate oscillations;

Reactive and active power can be controlled, such that a specific power factor can be
maintained. An example of this would be using the wind turbine as a reactive source to
compensate for poor power factors of other consumers on the network, and;

A variable speed controlled wind turbine can give a higher quality of power due to the
smoother output power they develop.

With larger turbines, variations in aerodynamic torque at the blade passing frequency can be
significant. This is due to the size of the rotor compared to the lateral and vertical scales of
turbulence. The turbine control system can be tuned to allow the aerodynamic power variations
to be absorbed as small changes in rotor speed, i.e. as variations in kinetic energy [22].

Two methods are employed to achieve variable speed operation, broad and narrow range
variable speed operation. In broad range, the generator stator is connected to the network via
two fully rated frequency converters. In narrow range, variable speed is achieved using a DFIG,
both the generator and stator are connected to the network [22]. The stator is connected directly
and the rotor is connected via slip rings and smaller frequency converters. In both methods, the
control system measures the generator rotational speed and applies the torque required to keep
the aerodynamic rotor at an optimal speed at wide range of wind speeds.
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An example of the narrow range configuration using frequency converters is shown in Figure 40.
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Figure 40: Narrow range operation using a DFIG [22].
Image used with publisher permission.

In the above configuration, the controllable rotor resistance is replaced with back-to-back
converters used to connect the rotor to the network [22]. This gives the variable speed operation
to be done over a specific speed range depending on the direction of the power flow in the rotor
circuit. This configuration prevents energy to be dissipated in an external rotor resistance.
Control of the generator speed and power factor is done by the rotor side converter, while the
network side converter maintains the DC link voltage. With broad range operation, all the power
from the generator in rectified to DC in the arrangement shown on Figure 41.
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Figure 41: Broad range operation using full power control [22].
Image used with publisher permission.
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With broad range operation, control of the generator torque is done via the generator side
converter. The grid side converter maintains the DC link voltage. An additional function of the
network side converter can be used to control the network voltage or reactive power flow into
the network [22].

9.5 Wind Turbine torsional damping via a Variable Speed Drive.

A major cause of breakdowns in wind turbine generators are damages in the drive train which is
highly stressed by oscillations due to fast changes in wind speeds. These oscillating wind
speeds especially affect the gearbox and bearings of wind power plants. The VSD controls the
generator to prevent any unwanted torque components from entering the gear box. To minimize
the drivetrain wear and tear, the focus of unwanted torque is based on removing the torque
components near the natural frequency of the drivetrain by introducing a compensating torque
in the generators electromechanical torque [24].

The torque difference between the aerodynamic torque on the turbine rotor and the generator
torque acts on the gearbox resulting in mechanical stresses. Compensating torque of the
generator can cancel out these harmful torque components from the torque difference, such that
mechanical stresses reduce while increasing gearbox lifespan [24]. The generator-side power
converter controls generator currents in such a way that provides variable speed wind turbine
operation while reducing mechanical stress on the drivetrain. The principle of the proposed
mechanical stress reduction strategy is illustrated in Figure 42.
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Figure 42: Energy flow diagram showing gearbox stress reduction [24].
Image used with publisher permission, Copyright © 2011, IEEE.

51



A drivetrain on a wind turbine generator normally consists of a large rotor inertia and a smaller
high speed shaft inertia which is separated by a torsional spring which is representative of the
twisting of shafts and couplings [25]. In a fixed speed turbine, the induction generator slip curve
shown in Figure 43, acts like a damper, with torque increasing with speed.
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Figure 43: Torque slip curve of an induction generator [25].
Image used with publisher permission.

In a variable speed turbine operating at constant generator torque however, there is little
damping, since the torque no longer varies with generator speed [25]. There is a small amount
of structural damping in shafts and couplings, and some damping from the gearbox, but these
effects contribute typically only a small fraction of 1% of critical damping. The very low damping
can lead to large torque oscillations at the gearbox [25].

It is possible to provide further damping mechanically, for example by means of appropriately
designed rubber mounts or couplings. It is difficult to provide enough damping and with
additional damping elements this involves higher costs.

A solution is the use of a VSD to modify generator torque control to provide damping. Instead of
demanding a constant generator torque above rated torque, a small torque ripple at the drive
train frequency is added onto the basic torque reference such that the torque controller
calculates a small corrective signal. The phase is adjusted to counteract the effect of the
resonance and effectively increase the damping [25].

A simulation was done on a variable speed turbine with turbulence added. A before and after
damping via a corrective signal is shown in Figure 44.
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Figure 44: Effect of damping on a drivetrain [25].
Image used with publisher permission.

From the above figure, a large drive train resonance can be seen to be building up. Although the
power and generator torque is smooth, the gearbox would be affected. The disturbance is
almost completely damped without increasing the electrical power variations. This is because
the torque ripple needed to damp the resonance is actually normally small, as the level of
excitation is small as well [25].

The drive train damping can be improved by using an input signal representative of the “twisting
speed” rather than just the generator speed. The twisting speed is the difference between the
generator speed and the rotor speed (scaled by a gearbox ratio). This requires two speed
measurements. With the twisting speed reference, the VSD essentially supplies a modulating
torgue. An example of average twisting speed across the shaft is demonstrated in Figure 45.
The figure’s representation of the twisting speed is exaggerated for the purposes of explanation.
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Figure 45: Generator speed vs. Rotor speed.
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The speed difference between the rotor and the generator will be used to apply the corrective
signal to the VSD. As power is a function of torque and speed, the small speed difference is
what would cause unwanted vibration on the drivetrain which will be damped via the VSD. From
this, a block diagram can be used to describe how the VSD integrates with a typical wind turbine
model. The block diagram is shown in Figure 46.
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Figure 46: Typical Wind turbine model with a VSD configuration [25].
Image used with publisher permission.
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10

Simulation

The simulation will utilize a corrective signal feedback approach described to provide a damping
torque. The VSD will be connected to a motor. The motor and load shafts are assumed to be
connected via rigid coupling. The motor and load shafts are also assumed to be solid. The
assumptions for the mechanical parameters for the shafts and coupling are made to avoid
torque transmission loss between motor and load during simulation. A damping torque is
provided in response to shaft oscillations that occur from a torque pulse disturbance applied to
the load section. To counter the shaft oscillation, the VSD supplies a damping torque based
feedback from the speed variation as a result of the disturbance. The VSD provides a damping
torqgue component to match the speed variation and damp the oscillations. The motor in the
simulation has the following parameters:

e Power: 150 kW;

e Voltage: 460 V (Vrms);
e Nominal speed,N,, : 1800 rpm;
e Frequency: 60 Hz;

e Number of poles: 4;

e Rs=14.85mQ;

e Rr=9.295 mQ;

o X5 =113.85mQ;

e X;,=113.85mQ;

e X, =3.943Q, and;

e Rotor inertia: 3.1 kg-m?

10.1 The Simulink model

For the simulation, three scenarios will be investigated. The first will be the transmitted torque
with an oscillating disturbance resulting from a torque pulse with no correction to serve as a
base. A single 200 Nm torque pulse of one second duration is injected into the load inertia to
establish a shaft oscillation. The pulse is introduced into the system after two seconds once the
motor has reached 1800 rpm. The second scenario will be the transmitted torque with a
corrective signal being applied with a small amount of torque being provided by the VSD based
on the speed variation to demonstrate a degree of damping.

The third will be with the same corrective signal with the VSD supplying an increased torque
component applied with the speed variation. This is to demonstrate how the damping increases
by increasing the torque in the corrective signal. The Simulink model together with a simple load
and mechanical shaft is shown in Figure 47. The first set of results will be bases on a 7 Hz
disturbance. Two follow up results will demonstrate damping with a 3 and 20 Hz oscillation
disturbance and the performance of these scenarios will be compared with each other.
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Figure 47: Simulink Model.

10.2 Simulation pre-calculation

Prior to the simulation, the model and its parameters will be analyzed based on the theory
discussed so far. Theoretical calculations will be done to observe how the shaft and load
parameters react to a 200 Nm torque pulse being applied to the load. When the system
response with no correction via Simulink is completed, the response will be compared to the
theoretical component to ensure that the result when applying a disturbance is as expected. The
shaft and load from the Simulink model have the following parameters.

e The load has a Moment of Inertia, J, of 1 kg—m2 with a viscous damping, D, parameter of
1 N-m-s/rad, and;
e The spring stiffness, K, of the motor and load shaft, has a parameter of 1719 N-m/rad.

As the oscillation will be dependent on the Moment of Inertia, it was chosen to be a low value in
order to provide an observable oscillation in the response. With the shaft and load parameters
on hand, the rate of oscillation for a rotational system can be calculated by utilizing equation 49.

o= -2 (49)
o=l
w = 41.45rad/s

From the result of equation 49, applying a disturbance will result in an expected oscillation
frequency of approximately 7 Hz.
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Utilizing the angular speed calculation above, the transient solution for a rotational system, with
no driving torque, can be translated from equation 40.

-Dt

6 = Ae 2J cos(wt) (51)

The system response with no correction is expected to have a slight decaying oscillating
response. This is as a result from the system having a small component of damping from the
viscous damping component. If no damping component was present, the system would oscillate
indefinitely from the applied disturbance showing no decay.

A single torque pulse is applied to the system. The torque pulse with the one second duration is
shown in Figure 48.
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Figure 48: Pre-calculation Torque pulse.

The torgue pulse is applied to the load from an external disturbance. This can be in the form of
the shaft being clamped for a second and released. For the theoretical calculation, the
disturbance is applied and the system response is observed. The predicted response with no
correction is shown in Figure 49.
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Figure 49: Pre-calculated system response from disturbance.

From the above figure it can be noted that the frequency of oscillation corresponds with what
has been calculated as a result of a low Moment of Inertia. The waveform is oscillating at the
calculated rate of 7 Hz while undergoing a slightly damped decaying response, this also
corresponds with the theory discussed as the load and shaft parameters have a low viscous
damping and spring coefficients. The response shown in Figure 49 is the predicted response on
what should occur for the Simulink model for the first scenario when a torque pulse is injected
into the load, inducing an oscillation with no corrective feedback. With the predicted oscillation
calculated, the Simulink model will now be analyzed.
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10.3 Simulation via Simulink

The system response on the Simulink model will be analyzed based on a single torque pulse
being injected into the load from an external source. The motor reaches its rated speed after
two seconds. The torque pulse is applied at this time. The torgue pulse is shown in Figure 50.
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Figure 50: Torque pulse with one second duration.

The configuration of the DTC induction motor drive is made up of several components. These
components include the variable speed drive with the DTC component and the motor itself. The
configuration of the direct torque controlled motor drive is shown in Figure 51 with the inverter in
blue and the DTC subsystem shown in green.
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Figure 51: Components of the DTC system.
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10.4 System response from a disturbance with no torque correction

The simulation is run over 10 seconds. The torque pulse is then introduced into the load after
two seconds into the simulation. The torque pulse induces a speed oscillation on the shaft. The
oscillations in the shaft and transmitted torque are shown in Figures 52 and 53 respectively.
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Figure 52: Shaft oscillation from torque pulse.
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Figure 53: Transmitted torque with no correction.

From the above figures, it can be noted what effect a torque pulse can have on the motor shaft.
An oscillation is introduced which affects the transmitted torque. The next step is to apply a
corrective torque based on the speed variation.
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10.5 System response from a disturbance with torque correction

For the second scenario, the same simulation is run with the same torque pulse being applied.
However, in this case, a small torque value is applied based on the speed variation feedback.
The results of the shaft speed and transmitted torque are shown Figures 54 and 55 respectively.
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Figure 54: Shaft oscillations with torque corrective signal applied.
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Figure 55: Transmitted torque with torque correction.

It can be noted that there is an improvement in the transmitted torque with the corrective torque
applied with the speed variation. This however, is not ideal. To damp the disturbance further,
the third scenario supplies an increased torque being applied with the speed variation.
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10.6 System response from a disturbance with increased torque correction

The third scenario involves the torque corrective signal being applied with the speed variation,
while in this case, with a larger torque being supplied. The results of the shaft speed and
transmitted torque are shown in Figures 56 and 57 respectively.
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Figure 56: Shaft oscillations with larger torque corrective signal applied.
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Figure 57: Transmitted torque with larger torque correction.

From this result is can be seen that the disturbance has been damped when compared to the
original and previously damped disturbance. This demonstrates that applying a larger torque
value with the speed variation results in increased damping.
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10.7 System response with varying frequency oscillation

Two additional scenarios will be investigated and the damping performance will be compared to
the previous result where a 7 Hz oscillation was used. The first case is observing the system
performance with a 3 Hz frequency oscillation. With the system in the second case having a 20
Hz frequency oscillation.

10.7.1 Transmitted torque with 3 Hz frequency oscillation
In order to change the oscillation frequency, the Moment if Inertia is required to be adjusted. In

this scenario the Moment of Inertia will be set to 4.8 kg-m®. Using equation 49, the following
result is obtained.

o= 2] (49)
o= [l

w = 1890 rad/s

Applying a disturbance with the above result to the simulation will provide an oscillation
frequency of approximately 3 Hz. As with the previous simulation, where a 7 Hz oscillation was
used, the same torque correction values are utilized and a summary of the transmitted torques
is shown in Figure 58.
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Figure 58: Summary of transmitted torques with varying damping states at 3 Hz.
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10.7.2 Transmitted torque with 20 Hz frequency oscillation

For the second case of varying frequency, a higher oscillation frequency is chosen. The Moment
of Inertia in this scenario is set to 0.1 kg-m?. Using equation 49, the following result is obtained.

o= -2 (49)

o= 5wl

w = 131.10rad/s

This parameter will result in a 20 Hz oscillation frequency. As with the 3 and 7 Hz scenarios, the
same torque value correction parameters during the simulation are used. A summary of the
transmitted torques is shown in Figure 59.
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Figure 59: Summary of transmitted torques with varying damping states at 20 Hz.
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Discussion of results

With the simulations on the various damping and frequency scenarios achieved, a summary of
the torques from Figures 53, 55 and 57 utilizing the 7 Hz disturbance with their respective
corrective signals and how damping is applied in each case is shown in Figure 60.
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Figure 60: Summary of transmitted torques with varying damping states at 7 Hz.

With the simulation completed, it was shown that greater damping is achieved by applying a
larger torque corrective signal with the speed variation. The speed variation was the result of a
disturbance from an oscillating shaft which was caused by torque pulse being introduced to the
system. With no corrective feedback, the disturbance passed through the system resulting in
severe torque and shaft oscillations. When applying a small amount of torque with the speed
variation, the torque oscillations were damped by approximately 60% after the initial
disturbance. It can be observed from all three frequency oscillation scenarios, the damping
performance remained consistent in each case.

With a larger torque applied, the torque disturbance was damped by further, by approximately
80% after the initial disturbance when compared to the torque disturbance case with no
feedback. When the torque pulse ends, the system returns to a stable state within half a
second, compared to over a second with second scenario. It can be noted from the torque
response from the second and third scenario, there is still a disturbance in the transmitted
torgue. However the toque disturbance can be regarded as negligible when compared to the
torgue response with no feedback.
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When observing the superimposed waveforms in Figure 60, three observations can be made.
The first observation is that only the torque component as a result of the speed variation is
affected. The overall torque from the torque reference of 200 Nm to the system is mostly
unaffected. The second observation is that as the corrective torque is being applied to the
speed variation, it results in an exponentially decaying sinusoidal waveform of the transmitted
torque based on the disturbance. It can be noted that the pre-calculation waveform, Figure 49,
with no disturbance feedback matches closely the disturbance waveform from the Simulink
response shown in Figure 53. This is an indication that the system is behaving as it should
when compare to the theoretical component.

The third observation is that the greater amount of torque being applied to the torque reference
based on the speed variation results in increased damping and a faster settling time.

This increase in damping is due to when supplying an ever increasing torque to the speed
variation, a greater amount of energy is being dissipated resulting in greater damping. The VSD
will incur increased switching losses as a result of the VSD supplying increased current for the
torgue control component. When observing the energy flow, the drive is taking feedback based
on the speed variation which in turn supplies a torque component. A smaller amount of damping
power is supplied as the oscillations get smaller with each cycle. With the tolerance levels of the
drive’s power electronics, the drive is able to absorb this additional energy flow as the damping
power supplied by the VSD is a small component when compared to the overall system power,
this corresponds to additional studies on VSD based systems [26,27].

When looking at the blue waveform in Figure 60, a small amount of torque is supplied in relation
to the speed variation. This leads to a smaller disturbance peak in each cycle of the oscillation
as energy is dissipated. A small amount of power is being dissipated in the system due to the
small torque component. With a small torque reference applied, the torque peaks decrease
slightly with each cycle resulting on the system taking a longer time to settle and return to a
stable state.

When observing the scenario featuring the green waveform in Figure 60. The torque supplied to
the reference is the same as the speed variation. With the increased torque, more power is
being dissipated when compared to the second scenario. This increase in energy dissipation
results in smaller disturbance peaks following each cycle. With each oscillation cycle, the torque
supplied is equal to the speed variations peak in that cycle such that, a larger amount of power
is being dissipated leading to a much smaller disturbance peak in the cycle that follows.

As a result of the increased torque component, the power being dissipated shown in the third
scenario is greater than the power dissipated when compared to the second scenario. With a
changing torque requirement in each cycle, the VSD supplies a modulating torque as the torque
requirement is different in each oscillation cycle as the torque peaks are lowered from
dissipated energy. The waveforms in Figure 60 can be summarized such that by increasing the
torgue component, increased damping is achieved. With supplying a torque component of equal
magnitude to the speed variation, the best damping scenario is achieved.
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11.1 Discussion of the Research report objectives

To reiterate the research objectives outlined in Section 1.1, the research question are once
again presented. The research objectives are:

» Can a VSD provide damping for oscillations associated with its mechanical load?
» What types of mechanical oscillation can be damped?

» Will providing damping have a detrimental effect on the VSD-mechanical load
performance?

With the simulation completed, three observations can be obtained. The first observation and
answering the first question presented, can a VSD provide damping for oscillations associated
with its mechanical load? The simulation has shown that a VSD is capable of providing a
damping torque for oscillations associated with mechanical loads with an increase in damping
occurring with an increasing torque. This increase in damping was demonstrated in Figures 55
and 57.

The second observation and answering the second question, what type of oscillations can be
damped? The VSD is able to counter specific oscillations. In the discussion, the oscillating
disturbances in the system originated from a single torque pulse being injected into the load.
Such an example would be the clamping and releasing of the shaft for a second with example of
the torque pulse applied shown with Figure 50.

The third observation and answering the final question, will the damping provided have a
detrimental effect on system performance? The VSD implemented in the system acts as the
damper element in the system. When the dampening torque is supplied, the system maintained
the 200 Nm reference level as the torque disturbance is minimized and no adverse power
fluctuations were observed from the simulation. This can observed in the superposition of the
various transmitted torques with different levels of damping torque supplied, as shown in Figure
58.

Future work

The research project investigated via a literature survey and by mathematically modeling shaft
elements that it is possible to simulate a VSD providing a damping torque to counter mechanical
oscillations in the system as a result of a torque pulse introduced into the load. With the
theoretical component in hand, a goal set for future work would be to replicate the simulation
results in a lab setting. The lab setup would include a small scale setup such as a 5.5 kW drive
with a VSD sized for the motor. The lab setup would also need to incorporate a mechanical
shaft model with a low Moment of Inertia component as was indicated in the simulation pre-
calculation such that an observable shaft oscillation can be achieved.
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Conclusion

A literature survey and case study was done to investigate how a VSD provides a damping
torgue during a mechanical disturbance. From first principles, an electrical and mechanical
system was described. From the discussion, it was shown how an electrical system translates to
a mechanical rotational system. It then determined how voltage and current translated into
speed and torque respectively for such a system.

It was determined that during a speed variation, the VSD applying a torque with the speed
variation provides a damping effect. The VSD provides a damping torque by monitoring the
speed variation, and injects a current into the system to provide the torque component. As the
speed variation is never constant, as was seen from the decaying oscillating torque and speed
variation. The damping torque provided by the VSD is also required to vary accordingly and can
be best described as a modulating torque.

A discussion then followed onto how the VSD drive acts as the damper element in a wind
turbine generation model. It was found that the drive needs only to provide a small correction
signal to provide a damping torque.

A simulation then followed that demonstrated that by the VSD applying a torque ripple corrective
signal based on the speed variation. The drive is able to provide a modulating torque
component to offset the torque oscillation disturbance in the system.

The VSD using DTC, provides complete control over the torque and flux of the motor. In the
simulation, the VSD is able to provide a modulation torque as the result of a shaft oscillation
occurring from a torgue pulse. This modulating torque provided by the drive has an advantage
of extending the life span of mechanical systems in large drive setups.
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