
  

Modeling and Analysis of a Modeling and Analysis of a Flywheel Energy StorageFlywheel Energy Storage

System for Voltage Sag CorrectionSystem for Voltage Sag Correction

 A Thesis A Thesis

Presented in Partial Fulfillment of the Requirements for thePresented in Partial Fulfillment of the Requirements for the

Degree of Master of ScienceDegree of Master of Science

With aWith a

Major in Electrical EngineeringMajor in Electrical Engineering

in thein the

College of Graduate StudiesCollege of Graduate Studies

University of IdahoUniversity of Idaho

byby

Satish SamineniSatish Samineni

December 2003December 2003

Major Major Professor: Professor: Brian Brian K. K. Johnson, Ph.D.Johnson, Ph.D.



  

iiiiii

ABSTRACTABSTRACT

 A  A shipboard shipboard power power system system is is a a stiff, stiff, isolated isolated power power system. system. Power Power isis

generated locally, and distributed over short distances making the system vulnerablegenerated locally, and distributed over short distances making the system vulnerable

to system transients. Power quality problems such as voltage sags, which arise dueto system transients. Power quality problems such as voltage sags, which arise due

to a fault or a pulsed load, can cause interruptions of critical loads. This can be of ato a fault or a pulsed load, can cause interruptions of critical loads. This can be of a

serious concern for the survivability of a combat ship. A series voltage injection typeserious concern for the survivability of a combat ship. A series voltage injection type

flywheel energy storage system is used to mitigate voltage sags. The basic circuitflywheel energy storage system is used to mitigate voltage sags. The basic circuit

consists of an energy storage system, power electronic interface and a seriesconsists of an energy storage system, power electronic interface and a series

connected transformer. In this case the energy storage system consists is a flywheelconnected transformer. In this case the energy storage system consists is a flywheel

coupled to an induction machine. The power electronic interface consists of twocoupled to an induction machine. The power electronic interface consists of two

voltage sourced converters (VSC) connected through a common DC link. Thevoltage sourced converters (VSC) connected through a common DC link. The

flywheel stores energy in the form of kinetic energy and the induction machine isflywheel stores energy in the form of kinetic energy and the induction machine is
used for energy conversion. Bi-directional power flow is maintained by regulating theused for energy conversion. Bi-directional power flow is maintained by regulating the

DC bus voltage. Indirect field orientated control with space vector PWM is used toDC bus voltage. Indirect field orientated control with space vector PWM is used to

control the induction machine. Sinusoidal PWM is used for controlling the power control the induction machine. Sinusoidal PWM is used for controlling the power 

system side VSC. This paper presents the modeling, simulation and analysis of asystem side VSC. This paper presents the modeling, simulation and analysis of a

flywheel energy storage system and with a power converter interface using EMTDC.flywheel energy storage system and with a power converter interface using EMTDC.
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1.0 INTRODUCTION1.0 INTRODUCTION

1.1 Flywheel basics1.1 Flywheel basics

Flywheels have been used for a long time as mechanical energy storage devices.Flywheels have been used for a long time as mechanical energy storage devices.

The earliest form of a flywheel is a potter’s wheel that uses stored energy to aid inThe earliest form of a flywheel is a potter’s wheel that uses stored energy to aid in

shaping earthen vessels [1]. The wheel is a disc made of wood, stone or clay. Itshaping earthen vessels [1]. The wheel is a disc made of wood, stone or clay. It

rests on a fixed pivot and can be rotated around its center. The energy stored in arests on a fixed pivot and can be rotated around its center. The energy stored in a

potter’s flywheel is about 500J, which is by no means negligible. The mainpotter’s flywheel is about 500J, which is by no means negligible. The main

disadvantages are friction and material integrity. Most of energy is lost in overcomingdisadvantages are friction and material integrity. Most of energy is lost in overcoming

frictional losses.frictional losses.

The word ‘flywheel’ appeared first during the start of industrial revolution.The word ‘flywheel’ appeared first during the start of industrial revolution.

During this period, there were two important developments: one is the use of During this period, there were two important developments: one is the use of 

flywheels in steam engines and the other is widespread use of iron. Iron flywheelsflywheels in steam engines and the other is widespread use of iron. Iron flywheels

have greater material integrity than flywheels made up of wood, stone or clay. Theyhave greater material integrity than flywheels made up of wood, stone or clay. They

can be built in a single piece and can accommodate more mass and moment of can be built in a single piece and can accommodate more mass and moment of 

inertia in the same volume. These flywheels were used mostly for smoothing torqueinertia in the same volume. These flywheels were used mostly for smoothing torque

pulses in steam engines.pulses in steam engines.

In the years after industrial revolution, the trend was mostly towardsIn the years after industrial revolution, the trend was mostly towards

increasing mass for higher energy storage rather than increasing speed. Largeincreasing mass for higher energy storage rather than increasing speed. Large

flywheels made of cast steel, with heavier rims, were built for the largest engines.flywheels made of cast steel, with heavier rims, were built for the largest engines.

However, with the advent of the small internal combustion engine in the middle of However, with the advent of the small internal combustion engine in the middle of 

1919thth  century, the trend shifted towards high-speed flywheels with low inertia for   century, the trend shifted towards high-speed flywheels with low inertia for 

automotive applications. automotive applications. More recently, the ability of More recently, the ability of a flywheel to a flywheel to deliver high power deliver high power 

in a short time has been used in applications such as mechanical presses,in a short time has been used in applications such as mechanical presses,

lubrication or cooling pumps, mine locomotives, inertial friction welding and inertiallubrication or cooling pumps, mine locomotives, inertial friction welding and inertial

starters.starters.

The constant stress profile for steam turbines, developed by De Laval andThe constant stress profile for steam turbines, developed by De Laval and

later by Stodola, was very useful in the design of high-speed flywheels. During thelater by Stodola, was very useful in the design of high-speed flywheels. During the
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Stodola period it was demonstrated that a rotating mass supported by a shaft storesStodola period it was demonstrated that a rotating mass supported by a shaft stores

energy mechanically.energy mechanically.

The second part of 20The second part of 20thth  century saw advances in the field of high-strength  century saw advances in the field of high-strength

composite materials. Composite flywheels can operate at higher speeds and cancomposite materials. Composite flywheels can operate at higher speeds and can

store more energy for a given mass than a conventional steel flywheel. Thesestore more energy for a given mass than a conventional steel flywheel. These
flywheels have high material integrity, can be operated at high speeds and, as willflywheels have high material integrity, can be operated at high speeds and, as will

be shown below, store more energy. The concept of a flywheel energy storagebe shown below, store more energy. The concept of a flywheel energy storage

system for electric vehicles and stationary power backup was proposed during thissystem for electric vehicles and stationary power backup was proposed during this

period. Also, a distinction has been made between the flywheels that are used for period. Also, a distinction has been made between the flywheels that are used for 

smoothing torque pulses and the flywheels that store energy for backup power smoothing torque pulses and the flywheels that store energy for backup power 

applications.applications.

Flywheels store energy in the form of kinetic energy. The amount of energyFlywheels store energy in the form of kinetic energy. The amount of energy

‘‘E’E’ stored in a flywheel varies linearly with moment of inertia ‘ stored in a flywheel varies linearly with moment of inertia ‘I’I’ and with the square and with the square

of the angular velocity ‘of the angular velocity ‘ωω’’..

EE
11

22
II⋅ ⋅ ωω

22
⋅⋅ (1.1)(1.1)

The moment of inertia is a physical quantity, which depends on the mass andThe moment of inertia is a physical quantity, which depends on the mass and

shape of the flywheel. It is defined as the integral of the square of the distance ‘x’shape of the flywheel. It is defined as the integral of the square of the distance ‘x’

from the axis of rotation to the differential mass ‘dmfrom the axis of rotation to the differential mass ‘dmxx’.’.

I I mmxxxx
22⌠ ⌠ 


⌡⌡

   dd (1.2)(1.2)

The solution for a cylindrical flywheel of mass ‘m’ and radius ‘r’ will be:The solution for a cylindrical flywheel of mass ‘m’ and radius ‘r’ will be:

I I m m r r 
22

⋅⋅ (1.2a)(1.2a)

andand
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EE
11

22
mm⋅⋅    r r 

22
⋅ ⋅ ωω

22
⋅⋅ (1.2b)(1.2b)

Since the energy stored is proportional to the square of angular velocity,Since the energy stored is proportional to the square of angular velocity,

increasing the angular speed increases stored energy more effectively thanincreasing the angular speed increases stored energy more effectively than

increasing mass. But increasing angular speeds results in increased frictional lossesincreasing mass. But increasing angular speeds results in increased frictional losses

and hence thermal problems. With the help of magnetic bearing technology, theand hence thermal problems. With the help of magnetic bearing technology, the

frictional losses due to bearings can be overcome, but at the expense of reliability.frictional losses due to bearings can be overcome, but at the expense of reliability.

 Also  Also the the energy energy stored stored can can be be expresseexpressed d in in terms terms of of peripherperipheral al velocity velocity ‘v’,‘v’,

which is defined as the product of perpendicular distance from the axis of rotationwhich is defined as the product of perpendicular distance from the axis of rotation

and angular speed as:and angular speed as:

EE
11

22
mm⋅⋅    vv

22
⋅⋅    ssiinncce  e  v  v  r  r    ωω⋅⋅ (1.3)(1.3)

The tensile strength,The tensile strength, σσ, of the material limits the peripheral velocity, and, of the material limits the peripheral velocity, and

hence the amount of energy stored. For a mass density ‘hence the amount of energy stored. For a mass density ‘ρρ’, the tensile strength is’, the tensile strength is

defined as:defined as:

σ σ ρρ  vv
22

⋅⋅ (1.4)(1.4)

Energy density is a term generally used to characterize an energy storageEnergy density is a term generally used to characterize an energy storage

system. Usually high energy density is preferred, but this can pose thermalsystem. Usually high energy density is preferred, but this can pose thermal

problems. Energy density, Eproblems. Energy density, Emm, is loosely defined for a flywheel as the ratio of energy, is loosely defined for a flywheel as the ratio of energy

stored to its mass:stored to its mass:

EEmm
11

22
r r 
22

⋅ ⋅ ωω
22

⋅⋅ (1.5)(1.5)

The volume energy density, EThe volume energy density, Evv, is obtained by substituting m in the stored, is obtained by substituting m in the stored

energy equation, as the product of volume and the mass density:energy equation, as the product of volume and the mass density:

EE
vv

11

22
ρρ⋅⋅    r r 

22
⋅ ⋅ ωω

22
⋅⋅ (1.6)(1.6)
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Therefore, if the dimensions are fixed, the maximum energy stored per Therefore, if the dimensions are fixed, the maximum energy stored per 

volume ‘Evolume ‘Evmaxvmax’ depends on the tensile strength of the material as:’ depends on the tensile strength of the material as:

EEvmaxvmax
11

22
σσmaxmax⋅⋅ (1.7)(1.7)

where ‘where ‘σσmaxmax’ is the maximum tensile strength of the flywheel material.’ is the maximum tensile strength of the flywheel material.

Similarly the maximum energy stored per mass ‘ESimilarly the maximum energy stored per mass ‘Emmaxmmax’ is’ is

EEmmaxmmax
11

22

σσmaxmax

ρρ
⋅⋅ (1.8)(1.8)

Therefore, the maximum energy storage capacity can be achieved by using aTherefore, the maximum energy storage capacity can be achieved by using a

material with a low density and high tensile strength. Depending on the application,material with a low density and high tensile strength. Depending on the application,

either volume energy density or mass energy density takes precedence during theeither volume energy density or mass energy density takes precedence during the

design stage. For a transportation application, mass energy density is a major design stage. For a transportation application, mass energy density is a major 

consideration, since mass is a limiting factor.consideration, since mass is a limiting factor.

The energy density expressions above apply for a simple rim type flywheel.The energy density expressions above apply for a simple rim type flywheel.

There are many designs for flywheels, and the general expression of maximumThere are many designs for flywheels, and the general expression of maximum

energy stored per mass is:energy stored per mass is:

EEmmaxmmax    K K 
σσmaxmax

ρρ
⋅⋅ (1.9)(1.9)

where K is defined as the flywheel shape factor, which depends on the geometry of where K is defined as the flywheel shape factor, which depends on the geometry of 

the flywheel. The flywheel shape factors for several different types of flywheels arethe flywheel. The flywheel shape factors for several different types of flywheels are

given in Table 1.1.given in Table 1.1.

The value of K is obtained from the equation for the moment of inertia (1.2).The value of K is obtained from the equation for the moment of inertia (1.2).

The stress distribution in a flywheel due to centrifugal loading becomes complex for The stress distribution in a flywheel due to centrifugal loading becomes complex for 

shape factors greater than 0.5, and a detailed analysis needs to be done to safelyshape factors greater than 0.5, and a detailed analysis needs to be done to safely

achieve it.achieve it.
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For low speed flywheels, the best way to maximize stored energy is byFor low speed flywheels, the best way to maximize stored energy is by

increasing moment of inertia. A massive rim or disc made of high density materialincreasing moment of inertia. A massive rim or disc made of high density material

such as cast iron or steel is sufficient in these cases. The main advantages of lowsuch as cast iron or steel is sufficient in these cases. The main advantages of low

speed flywheels are that they use a well-established technology and they arespeed flywheels are that they use a well-established technology and they are

cheaper to build.cheaper to build.

For high-speed applications, small discs with a constant stress profile, builtFor high-speed applications, small discs with a constant stress profile, built

with a low density and high strength materials, are better for maximizing energywith a low density and high strength materials, are better for maximizing energy

density. The most commonly used composite material is Kevlar, a plastic materialdensity. The most commonly used composite material is Kevlar, a plastic material

reinforced with reinforced with glass, carbon glass, carbon or aramid or aramid fibers. fibers. The main The main disadvantage of disadvantage of thisthis

material is its high cost. The cheapest composite material is S-glass, but thismaterial is its high cost. The cheapest composite material is S-glass, but this

material has material has a lower a lower fatigue strength. fatigue strength. The specific The specific strengths of strengths of different flywheeldifferent flywheel

materials is listed in Table 1.2. A comparison of flywheel energy storage capabilitiesmaterials is listed in Table 1.2. A comparison of flywheel energy storage capabilities

is given in Table 1.3.is given in Table 1.3.

There is also a safety factor, which limits the amount of stored energyThere is also a safety factor, which limits the amount of stored energy

available for discharge [2]. When this is considered, the useful energy stored per available for discharge [2]. When this is considered, the useful energy stored per 

mass is given by:mass is given by:

EEmm    11    ss
22

−−( ( ))  K K ⋅⋅
σσ

ρρ
⋅⋅ (1.10)(1.10)

where ‘s’ is the ratio of minimum to maximum operating speed, usually set at 0.2.where ‘s’ is the ratio of minimum to maximum operating speed, usually set at 0.2.

So the maximum amount of energy stored doesn’t depend directly on inertiaSo the maximum amount of energy stored doesn’t depend directly on inertia

or on the angular velocity, since either of these can be chosen independently toor on the angular velocity, since either of these can be chosen independently to

obtain the required design stress. And within the design stress, the amount of obtain the required design stress. And within the design stress, the amount of 

energy stored is linearly proportional to the moment of inertia and to the square of itsenergy stored is linearly proportional to the moment of inertia and to the square of its

angular velocity.angular velocity.
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Table 1.1 Table 1.1 Flywheel shape Flywheel shape factors [1] factors [1] 

FFllyywwhheeeel  l  SShhaappee KK

CCoonnssttaannt  t  ssttrreesss  s  ddiisskk 00..993311

CCoonnssttaannt  t  tthhiicckknneesss  s  ddiisscc 00..660066

TThhiin  n  rriimm 00..550000

CCoonnssttaannt  t  ssttrreesss  s  bbaarr 00..550000

RRood  d  oor  r  cciirrccuullaar  r  bbrruusshh 00..333333

FFllaat  t  ppiieerrcceed  d  ddiisscc 00..330055

Table 1.2 Table 1.2 Specific strengths Specific strengths of flywheel of flywheel materials materials [1] [1] 

Flywheel materialFlywheel material
Specific strengthSpecific strength

(kJ/kg)(kJ/kg)

CCaasst  t  iirroonn 1199

CCaarrbboon  n  sstteeeell 4444

 Alloy ste Alloy steelel 100100

WWooood  d  ((bbeeeecchh)) 113300

KKeevvllaarr 11770000
SS--ggllaassss 11990000

GGrraapphhiittee 88990000
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Table 1.3 Comparison of typical flywheel energy storage capabilities [2] Table 1.3 Comparison of typical flywheel energy storage capabilities [2] 

MaterialMaterial
DensityDensity

1010
33

kg/mkg/m
33

UsefulUseful

EnergyEnergy

1010
33

J/kgJ/kg

Mass of theMass of the

flywheelflywheel

1010
33

kgkg

WWooood  d  bbiirrcchh 00..5555 2211..00 11772200

MMiilld  d  sstteeeell 77..8800 2299..55 11222200

SS--GGllaassss 11..9900 7700..55 550099

MMaarraaggiinng  g  sstteeeell 88..0000 8866..44 441177

CCaarrbboon  n  6600%  %  ffiibbrree 11..5555 118855..44 119944

KKeevvllaar  r  6600%  %  ffiibbrree 11..44 227744..33 113311
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1.2 Shipboard Power System1.2 Shipboard Power System

The U.S. Navy is looking at methods to maximize the survivability of its combat shipsThe U.S. Navy is looking at methods to maximize the survivability of its combat ships

during battle situations [3]. A typical shipboard power system is radial with busduring battle situations [3]. A typical shipboard power system is radial with bus

tiebreakers to reconfigure it. There are usually three to four generators. Steamtiebreakers to reconfigure it. There are usually three to four generators. Steam

turbines, gas turbines, or diesel engines are used as prime movers for theseturbines, gas turbines, or diesel engines are used as prime movers for these

generators. The generated 450V, 60Hz three-phase AC generator output isgenerators. The generated 450V, 60Hz three-phase AC generator output is

distributed throughout the ship over distances up to a few hundred meters. Adistributed throughout the ship over distances up to a few hundred meters. A

number of three-phase step down transformers are used at the load centers tonumber of three-phase step down transformers are used at the load centers to

provide different voltage levels.provide different voltage levels.

For survivability reasons, the primary and secondary windings of theseFor survivability reasons, the primary and secondary windings of these

transformers are connected in delta giving the system a floating neutral. This is donetransformers are connected in delta giving the system a floating neutral. This is done

so that a single line to ground fault due to battle damage doesn’t result in largeso that a single line to ground fault due to battle damage doesn’t result in large

currents flowing in the system since there is no path for the zero sequence current tocurrents flowing in the system since there is no path for the zero sequence current to

flow (zero sequence impedance is very high). This blocks the protection devicesflow (zero sequence impedance is very high). This blocks the protection devices

from acting and hence prevents interruptions to critical loads. Another advantage of from acting and hence prevents interruptions to critical loads. Another advantage of 

using this delta configuration is that an open circuit in the distribution line, or a lossusing this delta configuration is that an open circuit in the distribution line, or a loss

of one leg of transformer, will still allow balanced power to be supplied at reducedof one leg of transformer, will still allow balanced power to be supplied at reduced

levels. The main disadvantage of using this configuration is that a single line tolevels. The main disadvantage of using this configuration is that a single line to

ground fault will increase the phase to ground voltages on the unfaulted phases toground fault will increase the phase to ground voltages on the unfaulted phases to

1.732 times. This can result in insulation failure and possibly cause interruptions to1.732 times. This can result in insulation failure and possibly cause interruptions to

more loads. As a result, research being done on different grounding options for more loads. As a result, research being done on different grounding options for 

shipboard power system and how they impact the critical loads [3]. One option is toshipboard power system and how they impact the critical loads [3]. One option is to

implement a solidly grounded system with fast reconfiguration during faults.implement a solidly grounded system with fast reconfiguration during faults.

Since shipboard power systems are isolated and stiff (short electricalSince shipboard power systems are isolated and stiff (short electrical

distances to loads), system transients can penetrate deep into the system. Criticaldistances to loads), system transients can penetrate deep into the system. Critical

loads such as computers, emergency lighting and communications, fire pumps,loads such as computers, emergency lighting and communications, fire pumps,

search radars, pumps and weapon systems are sensitive to these system transients.search radars, pumps and weapon systems are sensitive to these system transients.

Keeping these loads operational plays a vital role in maximizing survivability of aKeeping these loads operational plays a vital role in maximizing survivability of a

combat ship during battle situations. These loads require continuous quality power combat ship during battle situations. These loads require continuous quality power 

for proper operation. System transients such as voltage sags, which arise due tofor proper operation. System transients such as voltage sags, which arise due to
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faults, can cause interruptions to critical loads. So isolating these critical loads fromfaults, can cause interruptions to critical loads. So isolating these critical loads from

these transients is key to maximizing survivability.these transients is key to maximizing survivability.

In this thesis investigation, the shipboard power system is assumed to be aIn this thesis investigation, the shipboard power system is assumed to be a

solidly grounded. The primary effort is on sag correction using a flywheel energysolidly grounded. The primary effort is on sag correction using a flywheel energy

storage system. Whether grounded or ungrounded, three phase voltage sags seenstorage system. Whether grounded or ungrounded, three phase voltage sags seen

by the critical loads are the same, so the correction of a balanced voltage sag wasby the critical loads are the same, so the correction of a balanced voltage sag was

considered as a common test case. A similar argument can be made for phase toconsidered as a common test case. A similar argument can be made for phase to

phase faults. SLG faults in an ungrounded system don’t cause sags.phase faults. SLG faults in an ungrounded system don’t cause sags.
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1.3. Voltage Sags1.3. Voltage Sags

 A voltage sag  A voltage sag is a is a short duration phenomenon at power short duration phenomenon at power system frequency resultingsystem frequency resulting

in a decrease in the RMS voltage magnitude from 10% to 90% [4]. It typically lastsin a decrease in the RMS voltage magnitude from 10% to 90% [4]. It typically lasts

about half a cycle to a minute. Loads such as adjustable speed drives, processabout half a cycle to a minute. Loads such as adjustable speed drives, process

control equipment and computers are sensitive to these voltage sags. These loadscontrol equipment and computers are sensitive to these voltage sags. These loads

may trip or misoperate even for voltage sag of 10% and lasting two cycles. Processmay trip or misoperate even for voltage sag of 10% and lasting two cycles. Process

industry applications such as paper mills and semiconductor fabrication plants take aindustry applications such as paper mills and semiconductor fabrication plants take a

lot of time to restart when tripped. Since they are production oriented, the impact of lot of time to restart when tripped. Since they are production oriented, the impact of 

the voltage sag is enormous.the voltage sag is enormous.

Voltage sags are quite common in modern power systems and generallyVoltage sags are quite common in modern power systems and generally

caused by motor starting, transformer energizing, pulsed load switching andcaused by motor starting, transformer energizing, pulsed load switching and

electrical faults. They are power quality problems. And the depth of the sag dependselectrical faults. They are power quality problems. And the depth of the sag depends

on the electrical distance to the point of cause.on the electrical distance to the point of cause.

The starting current of a large induction machine is typically 6-12 (starter The starting current of a large induction machine is typically 6-12 (starter 

compensators reduce it to 3-6) times the rated current when line started. The voltagecompensators reduce it to 3-6) times the rated current when line started. The voltage

drop caused by this starting current is the same in the three phases causing adrop caused by this starting current is the same in the three phases causing a

balanced voltage sag. The voltage drops suddenly and recovers gradually as thebalanced voltage sag. The voltage drops suddenly and recovers gradually as the

machine reaches its rated speed. The same behavior occurs for large synchronousmachine reaches its rated speed. The same behavior occurs for large synchronous

motors since most of them are started as induction machines beforemotors since most of them are started as induction machines before

synchronization.synchronization.

The inrush current due to the energization of a large transformer is typically 5The inrush current due to the energization of a large transformer is typically 5

times the rated current. The voltage drops are different in each phase, resulting in antimes the rated current. The voltage drops are different in each phase, resulting in an

unbalanced sag. The voltage recovers gradually as the transformer reaches its ratedunbalanced sag. The voltage recovers gradually as the transformer reaches its rated

flux.flux.

However, the majority of voltage sags are due to electrical faults. Unlike theHowever, the majority of voltage sags are due to electrical faults. Unlike the

starting of large machines, voltage sags due to electrical faults are unpredictable.starting of large machines, voltage sags due to electrical faults are unpredictable.

When a fault occurs in a power system, loads connected to the feeders thatWhen a fault occurs in a power system, loads connected to the feeders that

contribute current to the fault experience a voltage sag. In addition, loads down-contribute current to the fault experience a voltage sag. In addition, loads down-

stream from the fault, or from junctions to the faulted feeder, also experience astream from the fault, or from junctions to the faulted feeder, also experience a
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voltage sag. This makes voltage sag a global phenomenon, compared to interruptionvoltage sag. This makes voltage sag a global phenomenon, compared to interruption

where the isolation of faulted feeder causes a local disruption. The severity of thewhere the isolation of faulted feeder causes a local disruption. The severity of the

sag depends on the amount of fault current available at that feeder. In other words,sag depends on the amount of fault current available at that feeder. In other words,

the number of loads affected by voltage sags depends on the source impedance.the number of loads affected by voltage sags depends on the source impedance.

 A voltage sag  A voltage sag is generally characteriis generally characterized by zed by depth and duration. The depth depth and duration. The depth of of 

the sag depends on the system impedance, fault distance, system characteristicsthe sag depends on the system impedance, fault distance, system characteristics

(grounded or ungrounded) and fault resistance. The duration of the sag depends on(grounded or ungrounded) and fault resistance. The duration of the sag depends on

the time taken by the circuit protection to clear the fault. High speed tripping isthe time taken by the circuit protection to clear the fault. High speed tripping is

desired to limit the duration of sags.desired to limit the duration of sags.

Consider an example system with a source, a bus and two loads. One is aConsider an example system with a source, a bus and two loads. One is a

sensitive load, which is connected directly to the bus. The other is a distant loadsensitive load, which is connected directly to the bus. The other is a distant load

connected to the same bus through a distribution line. The characteristics of voltageconnected to the same bus through a distribution line. The characteristics of voltage

sags were studied using this test setup for a number of different systemsags were studied using this test setup for a number of different system

configurations, different faults at the distance load.configurations, different faults at the distance load.

The following test cases use a solidly grounded system with a three-phaseThe following test cases use a solidly grounded system with a three-phase

fault at a distant load. The source is stiff as seen by the sensitive load. A three-fault at a distant load. The source is stiff as seen by the sensitive load. A three-

phase fault occurs at the distant load terminals, which is cleared by the protection inphase fault occurs at the distant load terminals, which is cleared by the protection in

five cycles.five cycles.

Fig. 1.1 shows the trip signal for clearing the fault. Fig. 1.2 shows balancedFig. 1.1 shows the trip signal for clearing the fault. Fig. 1.2 shows balanced

voltage sag of 82% seen at the sensitive load due to this fault. Fig. 1.3 shows thevoltage sag of 82% seen at the sensitive load due to this fault. Fig. 1.3 shows the

RMS voltage measured at the sensitive load and at the distant load. Since it is aRMS voltage measured at the sensitive load and at the distant load. Since it is a

balanced fault, the negative and zero sequence (a little seen at t = 0.6 sec) currentsbalanced fault, the negative and zero sequence (a little seen at t = 0.6 sec) currents

from the feeder are zero (except during the transient state as seen in Fig. 1.4).from the feeder are zero (except during the transient state as seen in Fig. 1.4).
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Fig. 1.2. Phase to ground voltages at the sensitive loadFig. 1.2. Phase to ground voltages at the sensitive load
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Fig. 1.3. RMS voltages at the sensitive load and faulted loadFig. 1.3. RMS voltages at the sensitive load and faulted load
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Fig. 1.4. Sequence currents from the feeder Fig. 1.4. Sequence currents from the feeder 

The following waveforms use a weak source with the same three-phase faultThe following waveforms use a weak source with the same three-phase fault

applied at the distant load terminals. Fig. 1.5 shows a balanced voltage sag of 65%applied at the distant load terminals. Fig. 1.5 shows a balanced voltage sag of 65%

at the sensitive load due to this fault. With a weak source, the sensitive load is moreat the sensitive load due to this fault. With a weak source, the sensitive load is more

affected than with a strong source due to increased voltage drop across the sourceaffected than with a strong source due to increased voltage drop across the source

impedance. Fig. 1.6 shows the RMS voltage measured at the sensitive load and atimpedance. Fig. 1.6 shows the RMS voltage measured at the sensitive load and at

the distant load. Fig. 1.7 shows that the positive sequence current is reduced withthe distant load. Fig. 1.7 shows that the positive sequence current is reduced with

the weaker source due to the increased source impedance.the weaker source due to the increased source impedance.

-1.2-1.2

-1.0-1.0
-0.8-0.8
-0.6-0.6
-0.4-0.4
-0.2-0.2
0.00.0
0.20.2
0.40.4
0.60.6
0.80.8
1.01.0
1.21.2

00..440  0  00..445  5  00..550  0  00..555  5  00..660  0  00..665  5  00..7700

  

   V   V
  o  o
   l   l   t   t
  a  a
  g  g
  e  e
   (   (  p  p
 . .  u  u
   )   )

Time (s)Time (s)

PPhhaasse  e  A  A  PPhhaasse  e  B  B  PPhhaasse  e  CC

Fig. 1.5. Phase to ground voltages at the sensitive loadFig. 1.5. Phase to ground voltages at the sensitive load
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Fig. 1.6. RMS voltages at the sensitive load and faulted loadFig. 1.6. RMS voltages at the sensitive load and faulted load
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Fig. 1.7. Sequence currents from the feeder Fig. 1.7. Sequence currents from the feeder 

The following cases again use with a weak source, but now a three-phaseThe following cases again use with a weak source, but now a three-phase

fault is applied at the middle of the transmission line. Fig. 1.8 shows a balancedfault is applied at the middle of the transmission line. Fig. 1.8 shows a balanced

voltage sag of 50% at the sensitive load due to this fault. The electrical distance fromvoltage sag of 50% at the sensitive load due to this fault. The electrical distance from

the sensitive load to the fault point determines the severity of the sag.the sensitive load to the fault point determines the severity of the sag.
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Fig. 1.8. Phase to ground voltages at the sensitive loadFig. 1.8. Phase to ground voltages at the sensitive load



  

1515

The following cases are with the same three-phase fault applied to anThe following cases are with the same three-phase fault applied to an

ungrounded system at the distant load. The source is weak as seen from theungrounded system at the distant load. The source is weak as seen from the

sensitive load. Fig. 1.9 shows the same balanced voltage sag of 65% as was seensensitive load. Fig. 1.9 shows the same balanced voltage sag of 65% as was seen

with the grounded system, since a three phase fault doesn’t involve ground. Anwith the grounded system, since a three phase fault doesn’t involve ground. An

overvoltage is seen at the end of transient due to the fault current interruption at theovervoltage is seen at the end of transient due to the fault current interruption at the

current zero crossing and redistribution of fault currents. Fig. 1.10 shows the RMScurrent zero crossing and redistribution of fault currents. Fig. 1.10 shows the RMS

voltage measured at the sensitive load and at the distant load. Since it is a balancedvoltage measured at the sensitive load and at the distant load. Since it is a balanced

fault, the negative sequence currents from the feeder are zero (except during thefault, the negative sequence currents from the feeder are zero (except during the

transient state as seen in Fig. 1.11). Since the system is ungrounded the zerotransient state as seen in Fig. 1.11). Since the system is ungrounded the zero

sequence current is zero.sequence current is zero.
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Fig. 1.9. Phase to ground voltages at the sensitive loadFig. 1.9. Phase to ground voltages at the sensitive load
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Fig. 1.10. RMS Voltages at the sensitive load and faulted loadFig. 1.10. RMS Voltages at the sensitive load and faulted load
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Fig. 1.11. Sequence currents from the feeder Fig. 1.11. Sequence currents from the feeder 

The following cases use a solidly grounded system with a single-phase A toThe following cases use a solidly grounded system with a single-phase A to

ground fault at the distant load. The source is weak as seen from the sensitive load.ground fault at the distant load. The source is weak as seen from the sensitive load.

Fig. 1.12 shows an unbalanced voltage sag on phase A. The other two phases areFig. 1.12 shows an unbalanced voltage sag on phase A. The other two phases are

unaffected since the system is solidly grounded. Fig. 1.13 shows a ripple in the RMSunaffected since the system is solidly grounded. Fig. 1.13 shows a ripple in the RMS

voltage measured at the sensitive load and at the distant load. The RMS voltagevoltage measured at the sensitive load and at the distant load. The RMS voltage

measurements used here involve averaging all the three phase voltages andmeasurements used here involve averaging all the three phase voltages and

assumes them to be balanced. The ripple depends on the smoothing constant of theassumes them to be balanced. The ripple depends on the smoothing constant of the

filter used for RMS measurement. The negative and zero sequence currentsfilter used for RMS measurement. The negative and zero sequence currents

distribution from the feeder during this fault is shown in Fig. 1.14.distribution from the feeder during this fault is shown in Fig. 1.14.
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Fig. 1.13. RMS Voltages at the sensitive load and faulted loadFig. 1.13. RMS Voltages at the sensitive load and faulted load
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Fig. 1.14. Sequence currents from the feeder Fig. 1.14. Sequence currents from the feeder 

The following waveforms apply the same single-phase fault to an ungroundedThe following waveforms apply the same single-phase fault to an ungrounded

system at the distant load. The source is weak as seen from the sensitive load. Fig.system at the distant load. The source is weak as seen from the sensitive load. Fig.

1.15 shows unbalanced voltages seen by the sensitive load. The phase A voltage1.15 shows unbalanced voltages seen by the sensitive load. The phase A voltage

goes to zero but the voltages on the other two phases swell by 1.732 times thegoes to zero but the voltages on the other two phases swell by 1.732 times the

rated. For a single phase to ground fault there is no path in the circuit for the zerorated. For a single phase to ground fault there is no path in the circuit for the zero
sequence current to flow, resulting in a shift of the neutral point to faulted potential.sequence current to flow, resulting in a shift of the neutral point to faulted potential.

In some cases the transients can increase this further. Fig 1.16 shows the RMSIn some cases the transients can increase this further. Fig 1.16 shows the RMS

voltage measured at the sensitive load and at the distant load. No sag is seen, as itvoltage measured at the sensitive load and at the distant load. No sag is seen, as it

is a phase-to-phase voltage measurement. As a result, the loads in an ungroundedis a phase-to-phase voltage measurement. As a result, the loads in an ungrounded

system are connected phase to phase to maintain continuity of service during singlesystem are connected phase to phase to maintain continuity of service during single

line to ground faults. Fig. 1.17 shows the zero sequence current magnitude to beline to ground faults. Fig. 1.17 shows the zero sequence current magnitude to be

zero. In real systems, very small zero sequence currents flow through the parasiticzero. In real systems, very small zero sequence currents flow through the parasitic

capacitances, limiting the swell somewhat less than 1.732 per unit.capacitances, limiting the swell somewhat less than 1.732 per unit.
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Fig. 1.15. Phase to ground voltages at the sensitive loadFig. 1.15. Phase to ground voltages at the sensitive load
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Fig. 1.16. RMS voltages at the sensitive load and faulted loadFig. 1.16. RMS voltages at the sensitive load and faulted load
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Fig. 1.17. Sequence currents from the feeder Fig. 1.17. Sequence currents from the feeder 
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1.4. Energy Storage and Topologies1.4. Energy Storage and Topologies

This section discusses different energy storage technologies available for thisThis section discusses different energy storage technologies available for this

project and the reason for using flywheel energy storage.project and the reason for using flywheel energy storage.

1.4.1 Available energy storage technologies1.4.1 Available energy storage technologies
Energy can neither be created nor destroyed. But it can be transformed from oneEnergy can neither be created nor destroyed. But it can be transformed from one

form to another. Electrical energy is the form of energy that can be transmittedform to another. Electrical energy is the form of energy that can be transmitted

efficiently and easily transformed to other forms of energy. The main disadvantagesefficiently and easily transformed to other forms of energy. The main disadvantages

with electrical energy involve storing it economically and efficiently. Electrical energywith electrical energy involve storing it economically and efficiently. Electrical energy

can be converted and stored in different forms:can be converted and stored in different forms:

••   Electrochemical Electrochemical EnergyEnergy

••   Electrostatic Electrostatic EnergyEnergy

••   Electromagnetic Electromagnetic EnergyEnergy

••   Electromechanical Electromechanical EnergyEnergy

1.4.1.1 Electrochemical energy storage1.4.1.1 Electrochemical energy storage

  In this type of storage, electrical energy is converted and stored in the form of   In this type of storage, electrical energy is converted and stored in the form of 

chemical energy. There are two main categories: batteries and fuel cells [2].chemical energy. There are two main categories: batteries and fuel cells [2].

Batteries use internal chemical components for energy conversion and storageBatteries use internal chemical components for energy conversion and storage

whereas fuel cells use synthetic fuel (for example Hydrogen, methanol or hydrazine)whereas fuel cells use synthetic fuel (for example Hydrogen, methanol or hydrazine)
supplied and stored externally. Both use two electrodes, an anode and a cathode,supplied and stored externally. Both use two electrodes, an anode and a cathode,

that exchange ions through an electrolyte internally and exchange electrons throughthat exchange ions through an electrolyte internally and exchange electrons through

an electric circuit externally. The Lead-acid battery, discovered by Plante in 1859, isan electric circuit externally. The Lead-acid battery, discovered by Plante in 1859, is

the most widely used battery. The battery consists of pairs of lead electrode platesthe most widely used battery. The battery consists of pairs of lead electrode plates

immersed in a dilute sulphuric acid that acts as an electrolyte. Every alternate leadimmersed in a dilute sulphuric acid that acts as an electrolyte. Every alternate lead

plate is coated with lead dioxide. Discharging results in the conversion of both of theplate is coated with lead dioxide. Discharging results in the conversion of both of the

electrodes to lead sulphate. Charging restores the plates to lead and lead dioxide.electrodes to lead sulphate. Charging restores the plates to lead and lead dioxide.

The physical changes in electrodes during charging and discharging deteriorates theThe physical changes in electrodes during charging and discharging deteriorates the
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electrodes and hence reducing their life. The main advantages are they have a well-electrodes and hence reducing their life. The main advantages are they have a well-

established technology. The main drawbacks with batteries are:established technology. The main drawbacks with batteries are:

••   Slow Slow response response during during energy energy releaserelease

••   Limited Limited number number of of charge charge discharge discharge cyclescycles

••   Relatively Relatively short short life life timetime

••   High High internal internal resistanceresistance

••   Low Low energy energy densitydensity

••   Maintenance Maintenance requirements requirements for for some some typestypes

••   Environmental Environmental hazardshazards

  W. R. Grove W. R. Grove demonstrated tdemonstrated the first he first hydrogen-oxygen fuel hydrogen-oxygen fuel cell in cell in 1839. The1839. The

byproduct of a Hydrogen fuel cell is water. By electrochemical decomposition of byproduct of a Hydrogen fuel cell is water. By electrochemical decomposition of 

water into hydrogen and oxygen and holding them apart, hydrogen fuel cells storewater into hydrogen and oxygen and holding them apart, hydrogen fuel cells store

electrical energy. During discharge, the hydrogen is combined with oxygen,electrical energy. During discharge, the hydrogen is combined with oxygen,

converting the chemical energy to electrical energy. The main advantages areconverting the chemical energy to electrical energy. The main advantages are

environment friendly. The main drawbacks with fuel cells as energy storageenvironment friendly. The main drawbacks with fuel cells as energy storage

elements are:elements are:

••   Slow Slow response response during during energy energy releaserelease

••   Temperature Temperature dependencedependence

••   Corrosion Corrosion problemsproblems

••   Hydrogen Hydrogen storagestorage

••   Ineficient Ineficient transfer transfer of of electrical electrical energy energy to to chemical chemical energyenergy
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1.4.1.2 Electrostatic energy storage1.4.1.2 Electrostatic energy storage

Electric energy can be converted and stored in the form of electrostatic field betweenElectric energy can be converted and stored in the form of electrostatic field between

the parallel plates of a charged capacitor. The amount of energy stored isthe parallel plates of a charged capacitor. The amount of energy stored is

proportional to square of the voltage across the parallel plates and to itsproportional to square of the voltage across the parallel plates and to its

capacitance. For a fixed voltage, the volume energy density for a parallel platecapacitance. For a fixed voltage, the volume energy density for a parallel plate

capacitor is proportional to capacitance, which is proportional to the permittivity of capacitor is proportional to capacitance, which is proportional to the permittivity of 

the insulator between the parallel plates. Most of the insulators have relativethe insulator between the parallel plates. Most of the insulators have relative

permittivity in the range of permittivity in the range of 1 to 10. 1 to 10. Due to Due to the small capacitance, ordinary capacitorsthe small capacitance, ordinary capacitors

can store very limited amount of energy. Ultracapacitors use electrochemicalcan store very limited amount of energy. Ultracapacitors use electrochemical

material for improving permittivity and hence energy density. They require lessmaterial for improving permittivity and hence energy density. They require less

maintenance and have much longer lifetimes compared to batteries. They have highmaintenance and have much longer lifetimes compared to batteries. They have high

energy density and does not having moving parts. The main drawbacks withenergy density and does not having moving parts. The main drawbacks with

capacitors are:capacitors are:

••  Cost  Cost

••   Temperature Temperature dependencedependence

••   Not Not ruggedrugged

1.4.1.3 Electromagnetic energy storage1.4.1.3 Electromagnetic energy storage

Electric energy can be converted and stored in the form of an electromagnetic field.Electric energy can be converted and stored in the form of an electromagnetic field.

 A  A SupercoSuperconducting nducting magnetic magnetic energy energy storage storage (SMES) (SMES) coil coil consists consists of of aa

superconducting coil carrying large DC currents. The amount of energy stored issuperconducting coil carrying large DC currents. The amount of energy stored is

proportional to the square of the DC current flowing through the coil and to itsproportional to the square of the DC current flowing through the coil and to its

inductance. The volume energy density is proportional to the permeability of theinductance. The volume energy density is proportional to the permeability of the

material used for the coil. In order to keep the temperature of the superconductor material used for the coil. In order to keep the temperature of the superconductor 

below its critical temperature, a cryogenic cooling system is required. Increasing thebelow its critical temperature, a cryogenic cooling system is required. Increasing the

DC current increases the amount of energy stored. Once the current in the coilDC current increases the amount of energy stored. Once the current in the coil

reaches its maximum value, the voltage across it is zero and the SMES is fullyreaches its maximum value, the voltage across it is zero and the SMES is fully

charged. This storage scheme has very low losses due to negligible resistance incharged. This storage scheme has very low losses due to negligible resistance in
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the coil. Also SMES coils can be built for larger energy and power. The mainthe coil. Also SMES coils can be built for larger energy and power. The main

drawbacks with SMES are:drawbacks with SMES are:

••  Cost  Cost

••   Reliability Reliability in in maintaining maintaining cryogenic cryogenic coolingcooling

••   Compensation Compensation of of external external stray stray fieldsfields

••   Electromagnetic Electromagnetic forces forces on on the the conductorsconductors

••  Bulk/volume  Bulk/volume

1.4.1.4 Electromechanical energy storage1.4.1.4 Electromechanical energy storage

Electrical energy can be converted and stored in the form of kinetic energy in aElectrical energy can be converted and stored in the form of kinetic energy in a

flywheel. Motor/generator sets, DC machines and induction machines are used for flywheel. Motor/generator sets, DC machines and induction machines are used for 
energy conversion. The amount of energy stored in a flywheel is proportional to theenergy conversion. The amount of energy stored in a flywheel is proportional to the

square of angular velocity and to its inertia for a given design stress.square of angular velocity and to its inertia for a given design stress.

The energy storage technologies discussed above have their ownThe energy storage technologies discussed above have their own

advantages and disadvantages but the following advantages make flywheels aadvantages and disadvantages but the following advantages make flywheels a

viable alternative to other energy storage systems:viable alternative to other energy storage systems:

••   Low Low costcost

••   High High power power densitydensity

••  Ruggedness  Ruggedness

••   Greater Greater number number of of charge charge discharge discharge cyclescycles

••   Longer Longer lifelife

••   Less Less maintenancemaintenance

••   Environmental Environmental friendlyfriendly

••   Fast Fast response response during during energy energy releaserelease
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Flywheels can be designed for low speed or high-speed operation. A lowFlywheels can be designed for low speed or high-speed operation. A low

speed flywheel has advantages of lower cost and the use of proven technologiesspeed flywheel has advantages of lower cost and the use of proven technologies

when compared to a high-speed flywheel system.when compared to a high-speed flywheel system.

The main disadvantages are:The main disadvantages are:

••   less less energy energy stored stored per per volumevolume

••   higher higher losseslosses

••   increased increased volume volume and and massmass
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1.5 Problem Statement and Proposed Solution1.5 Problem Statement and Proposed Solution

 A  A shipboarshipboard d power power system system is is a a stiff, stiff, isolated isolated power power system. system. Power Power isis

generated locally and distributed over short distances. As a result, any systemgenerated locally and distributed over short distances. As a result, any system

transients impact the entire system. Critical loads such as computers, radar transients impact the entire system. Critical loads such as computers, radar 

systems, water pumps and weapon systems play an important role in the survival of systems, water pumps and weapon systems play an important role in the survival of 

a combat ship during battle conditions. Power quality problems, such as voltagea combat ship during battle conditions. Power quality problems, such as voltage

sags [4], which arise due to a fault or a pulsed load, can cause interruptions of sags [4], which arise due to a fault or a pulsed load, can cause interruptions of 

critical loads. These interruptions can be a serious concern for the survivability of acritical loads. These interruptions can be a serious concern for the survivability of a

combat ship. The US Navy is looking for methods to maximize the survivability of itscombat ship. The US Navy is looking for methods to maximize the survivability of its

combat ship [5]. An effective way to mitigate voltage sags is by the use of seriescombat ship [5]. An effective way to mitigate voltage sags is by the use of series

voltage compensation with energy storage [6]. Series voltage compensationvoltage compensation with energy storage [6]. Series voltage compensation

provides the flexibility to inject voltage at any angle with energy storage.provides the flexibility to inject voltage at any angle with energy storage.

 A low  A low speed flywheel coupled to an speed flywheel coupled to an inductioinduction machine is n machine is the option exploredthe option explored

in this thesis. The induction machine is used for bi-directional transfer of energy toin this thesis. The induction machine is used for bi-directional transfer of energy to

the flywheel. A voltage-sourced converter is used to interface the induction machinethe flywheel. A voltage-sourced converter is used to interface the induction machine

with the energy storage system. Indirect field oriented control with space vector with the energy storage system. Indirect field oriented control with space vector 

PWM is used to control the induction machine.PWM is used to control the induction machine.

 A voltage sou A voltage source converterce converter-based star-based static series competic series compensator is interfansator is interfaced withced with

the SPS for voltage sag correction. Sinusoidal PWM is used for controlling the staticthe SPS for voltage sag correction. Sinusoidal PWM is used for controlling the static

series compensator. The two voltage sourced converters share a common DC link.series compensator. The two voltage sourced converters share a common DC link.

The power electronic interface is used for the bi-directional flow of energy for The power electronic interface is used for the bi-directional flow of energy for 
charging and discharging the flywheel through the induction machine with DC link ascharging and discharging the flywheel through the induction machine with DC link as

medium. An outer control system detects voltage sag and controls the energy flowmedium. An outer control system detects voltage sag and controls the energy flow

during sag correction. An inner control system is used to generate gate pulses for during sag correction. An inner control system is used to generate gate pulses for 

each converter.each converter.

  This thesis presentThis thesis presents the modeling, s the modeling, simulation and ansimulation and analysis of a flalysis of a flywheelywheel

energy storage system (FESS) based static series compensator for voltage sagenergy storage system (FESS) based static series compensator for voltage sag

correction. The basic circuit and operation is explained in Chapter 2. Modeling wascorrection. The basic circuit and operation is explained in Chapter 2. Modeling was

done using PSCAD/EMTDC [7] and MATLAB as is explained in Chapters 3, 4 and 5.done using PSCAD/EMTDC [7] and MATLAB as is explained in Chapters 3, 4 and 5.

The control system for sag detection, sag correction and energy flow is presented inThe control system for sag detection, sag correction and energy flow is presented in
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Chapter 6. The simulated performance of the flywheel energy storage system inChapter 6. The simulated performance of the flywheel energy storage system in

mitigating balanced voltage sag is analyzed in Chapter 7.mitigating balanced voltage sag is analyzed in Chapter 7.

The future work will include a detailed analysis of a flywheel energy storageThe future work will include a detailed analysis of a flywheel energy storage

system for unbalanced voltage sags and validating the simulation model with asystem for unbalanced voltage sags and validating the simulation model with a

laboratory flywheel interfaced to an analog model power system.laboratory flywheel interfaced to an analog model power system.
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2.0 BASIC 2.0 BASIC CIRCUIT AND OPERACIRCUIT AND OPERATIONTION

The basic circuit consists of an energy storage system, power electronic interfaceThe basic circuit consists of an energy storage system, power electronic interface

and a series transformer as shown in Fig. 2.1. The energy storage system in thisand a series transformer as shown in Fig. 2.1. The energy storage system in this

case is a flywheel coupled to an induction machine. The induction machine is usedcase is a flywheel coupled to an induction machine. The induction machine is used

for energy conversion. The power electronic interface consists of two voltage-for energy conversion. The power electronic interface consists of two voltage-

sourced converters connected through a common DC link. One voltage sourcesourced converters connected through a common DC link. One voltage source

converter interfaces with the energy conversion and storage system and the other converter interfaces with the energy conversion and storage system and the other 

with the shipboard power system.with the shipboard power system.

The flywheel energy storage system has three modes of operation:The flywheel energy storage system has three modes of operation:

••   Charge Charge modemode

••   Stand-by Stand-by modemode

••   Discharge Discharge modemode

During charge mode, the VSC interfacing the shipboard power system runsDuring charge mode, the VSC interfacing the shipboard power system runs

as a rectifier and the other as an inverter, with the transferred energy acceleratingas a rectifier and the other as an inverter, with the transferred energy accelerating

the flywheel to its rated speed. In this mode, energy is stored in the flywheel in thethe flywheel to its rated speed. In this mode, energy is stored in the flywheel in the

form of kinetic energy. The energy flow is from shipboard power system to flywheelform of kinetic energy. The energy flow is from shipboard power system to flywheel

with induction machine as energy converter.with induction machine as energy converter.

FWFW

SPSSPS
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CRITICALCRITICAL

LOADLOAD

VSCVSCVSCVSC

Fig. 2.1. Basic circuit of flywheel energy storage systemFig. 2.1. Basic circuit of flywheel energy storage system
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Once the flywheel reaches its charge speed, the storage system is in stand-Once the flywheel reaches its charge speed, the storage system is in stand-

by mode and is ready to discharge when the critical load sees a voltage sag. In thisby mode and is ready to discharge when the critical load sees a voltage sag. In this

mode a little energy from the shipboard power system is used for meeting themode a little energy from the shipboard power system is used for meeting the

converter and machine losses.converter and machine losses.

During discharge mode, the VSC interfacing the shipboard power systemDuring discharge mode, the VSC interfacing the shipboard power system

runs as an inverter injecting the required voltage in series with the line to correct theruns as an inverter injecting the required voltage in series with the line to correct the

voltage sag. The flywheel VSC runs as a rectifier. The flywheel slows as itvoltage sag. The flywheel VSC runs as a rectifier. The flywheel slows as it

discharges. In this mode, the stored energy is used for sag correction and energydischarges. In this mode, the stored energy is used for sag correction and energy

flow is from the flywheel to shipboard power system.flow is from the flywheel to shipboard power system.

Fig. 2.2 shows a simplified diagram that shows the series connection of Fig. 2.2 shows a simplified diagram that shows the series connection of 

flywheel energy storage system.flywheel energy storage system.

SHIPBOARDSHIPBOARD

POWERPOWER

SYSTEMSYSTEM

CRITICALCRITICAL

LOADLOAD
FESSFESS

Fig. 2.2. Basic diagram showing series connectionFig. 2.2. Basic diagram showing series connection
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3.0 MODELING STRATEGY3.0 MODELING STRATEGY

The flywheel energy storage system was modeled using PSCAD/EMTDC [7] with anThe flywheel energy storage system was modeled using PSCAD/EMTDC [7] with an

interface to MATLAB. This section gives an introduction to the software andinterface to MATLAB. This section gives an introduction to the software and

modeling strategy adopted to simplify the complexity involved in modeling themodeling strategy adopted to simplify the complexity involved in modeling the

flywheel energy storage system.flywheel energy storage system.

3.1 Software background3.1 Software background

Power system simulation involves solving a set of complex time dependentPower system simulation involves solving a set of complex time dependent

equations. PSCAD/EMTDC was developed by Manitoba HVDC Research center inequations. PSCAD/EMTDC was developed by Manitoba HVDC Research center in

the early 90’s. EMTDC is a transient simulator that can model power systemthe early 90’s. EMTDC is a transient simulator that can model power system

components, complex power electronic devices and controls whereas PSCAD is acomponents, complex power electronic devices and controls whereas PSCAD is a

graphical user interface for visualizing the complex behavior of power system.graphical user interface for visualizing the complex behavior of power system.

PSCAD/EMTDC is a powerful tool for simulating electromagnetic transients of PSCAD/EMTDC is a powerful tool for simulating electromagnetic transients of 

electrical systems. The PSCAD graphical user interface enhances the power of electrical systems. The PSCAD graphical user interface enhances the power of 

EMTDC. A user can draw the circuit, run the simulation, and capture the results in aEMTDC. A user can draw the circuit, run the simulation, and capture the results in a

completely graphical environment. A master library is available consisting all thecompletely graphical environment. A master library is available consisting all the

basic power system components such as resistors, capacitors, inductors, power basic power system components such as resistors, capacitors, inductors, power 

electronic devices, transformers, transmission lines and machines.electronic devices, transformers, transmission lines and machines.

EMTDC uses interpolation with an instantaneous switch algorithm to giveEMTDC uses interpolation with an instantaneous switch algorithm to give

accurate simulation results for power electronic simulations with larger time steps.accurate simulation results for power electronic simulations with larger time steps.

New components can be designed using a graphical component design tool. WithNew components can be designed using a graphical component design tool. With

the proper FORTRAN compiler, EMTDC can interface with MATLAB. This is verythe proper FORTRAN compiler, EMTDC can interface with MATLAB. This is very

useful in simulations which involve complicated control algorithms.useful in simulations which involve complicated control algorithms.
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3.2 Module breakup3.2 Module breakup

 A Flywhe A Flywheel energy el energy storage sstorage system consystem consists of the foists of the following cllowing components tomponents that need tohat need to

be modeled in PSCAD/EMTDC:be modeled in PSCAD/EMTDC:

••
   Shipboard Shipboard power power systemsystem

••   Two Two voltage voltage sourced sourced convertersconverters

••   Induction Induction machinemachine

••  Flywheel  Flywheel

••   Firing Firing schemes schemes for for the the convertersconverters

••   Control Control systemsystem

Fig. 3.1 shows a single line diagram of a flywheel energy storage system. To simplifyFig. 3.1 shows a single line diagram of a flywheel energy storage system. To simplify

modeling and testing, it is broken into two sub models. Each sub model is separatelymodeling and testing, it is broken into two sub models. Each sub model is separately

modeled, tested and integrated to make it a complete model. The sub models are:modeled, tested and integrated to make it a complete model. The sub models are:

••   Field Field oriented oriented control control AC AC drive drive modelmodel

••   Static Static series series compensator compensator modelmodel

MM

Flywheel Energy Storage SystemFlywheel Energy Storage System

Fig. 3.1. Single line diagram of a flywheel energy storage systemFig. 3.1. Single line diagram of a flywheel energy storage system
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3.2.1 Field oriented control AC drive model3.2.1 Field oriented control AC drive model

Fig. 3.2 shows the outline of the field oriented control AC drive that was modeled inFig. 3.2 shows the outline of the field oriented control AC drive that was modeled in

EMTDC. It has the following sub models:EMTDC. It has the following sub models:

••   Full Full transient transient induction induction machine machine modelmodel

••   Indirect Indirect field field oriented oriented controller controller modelmodel

••   Space Space vector vector PWM PWM pulse pulse generator generator modelmodel

••   Self Self commutated commutated voltage voltage sourced sourced converter converter 

The induction machine model available in PSCAD/EMTDC library is a steady stateThe induction machine model available in PSCAD/EMTDC library is a steady state

model. In order to study the behavior of energy storage system, a full transientmodel. In order to study the behavior of energy storage system, a full transient

induction machine model (a new component built in EMTDC as part of the thesis)induction machine model (a new component built in EMTDC as part of the thesis)

was used. An indirect field oriented controller was modeled for controlling thewas used. An indirect field oriented controller was modeled for controlling the

induction machine. A space vector PWM pulse generator was modeled for induction machine. A space vector PWM pulse generator was modeled for 

controlling the gate pulses of machine side voltage sourced converter. The modelingcontrolling the gate pulses of machine side voltage sourced converter. The modeling

procedure is explained in more detail in Chapter 4. The space vector PWMprocedure is explained in more detail in Chapter 4. The space vector PWM

generator model uses the MATLAB interface for computing the switching times for generator model uses the MATLAB interface for computing the switching times for 

the converter.the converter.

MM

Flywheel Energy Storage SystemFlywheel Energy Storage System

FIELD ORIENTED CONTROL AC DRIVEFIELD ORIENTED CONTROL AC DRIVE

Fig. 3.2. Field oriented control AC drive model breakupFig. 3.2. Field oriented control AC drive model breakup
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3.2.2 Static series compensator model3.2.2 Static series compensator model

Fig. 3.3 shows the outline of a static series compensator as it was modeled inFig. 3.3 shows the outline of a static series compensator as it was modeled in

EMTDC. It has the following sub models:EMTDC. It has the following sub models:

••   Shipboard Shipboard power power system system modelmodel

••   Series Series transformer transformer and and filtersfilters

••   Sinusoidal Sinusoidal PWM PWM pulse pulse generator generator modelmodel

••   Self Self commutated commutated voltage voltage sourced sourced converter converter 

 A  A sinusoisinusoidal dal PWM PWM pulse pulse generatogenerator r was was modeled modeled for for controllincontrolling g the the gate gate pulses pulses toto

the shipboard power system side voltage sourced converter. The Shipboard power the shipboard power system side voltage sourced converter. The Shipboard power 

system was modeled as a simple radial system. The modeling procedure issystem was modeled as a simple radial system. The modeling procedure is

explained in Chapter 5.explained in Chapter 5.

MM

Flywheel Energy Storage SystemFlywheel Energy Storage System

STATIC SERIES COMPENSATORSTATIC SERIES COMPENSATOR

Fig. 3.3. Static series compensator model breakupFig. 3.3. Static series compensator model breakup
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3.2.3 Control system3.2.3 Control system

The control system was modeled in EMTDC. It has the following sub models:The control system was modeled in EMTDC. It has the following sub models:

••   Sag Sag detector detector 

••   Sag Sag corrector corrector 

••   Energy Energy control control systemsystem

The modeling procedure is explained in Chapter 6.The modeling procedure is explained in Chapter 6.

The field oriented control AC drive model and static series compensator share aThe field oriented control AC drive model and static series compensator share a

common DC link. Initially static series compensator was modeled separately bycommon DC link. Initially static series compensator was modeled separately by

replacing the field oriented control AC drive with an equivalent current source.replacing the field oriented control AC drive with an equivalent current source.

Similarly field oriented control AC drive was initially modeled by replacing staticSimilarly field oriented control AC drive was initially modeled by replacing static

series compensator with an equivalent voltage source. Then they were integrated toseries compensator with an equivalent voltage source. Then they were integrated to

make a complete FESS model with control system.make a complete FESS model with control system.
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4.0 FIELD ORIENTED CONTROL AC DRIVE MODEL4.0 FIELD ORIENTED CONTROL AC DRIVE MODEL

The field oriented control AC drive consists of the following custom models built inThe field oriented control AC drive consists of the following custom models built in

the DQ domain:the DQ domain:

••   Full Full transient transient induction induction machine machine modelmodel

••   Indirect Indirect field field oriented oriented controller controller modelmodel

••   Space Space vector vector PWM PWM pulse pulse generator generator 

••   Self Self commutated commutated voltage voltage sourced sourced converter converter 

The following sections describe how these custom models were built and howThe following sections describe how these custom models were built and how

they are integrated to make a field oriented control AC drive model.they are integrated to make a field oriented control AC drive model.

4.1 Machine modeling4.1 Machine modeling

 An inductio An induction machine can be seen as a transforn machine can be seen as a transformer with a moving secondamer with a moving secondary wherery where

the mutual inductances change continuously with the rotor position [8]. An inductionthe mutual inductances change continuously with the rotor position [8]. An induction

machine modeled in abc reference frame is complex, consisting of six differentialmachine modeled in abc reference frame is complex, consisting of six differential

equations with time varying mutual inductances (see Appendix A Section 10.1). Theequations with time varying mutual inductances (see Appendix A Section 10.1). The

inherent complexity in dealing with the induction machine voltage equations resultinginherent complexity in dealing with the induction machine voltage equations resulting

from the time varying mutual inductances between stator and rotor circuits led to thefrom the time varying mutual inductances between stator and rotor circuits led to the

concept of using alternative reference frames.concept of using alternative reference frames.

 A  A complex complex space space vector vector is is defined defined as as SSss=(2/3)(S=(2/3)(S A A+aS+aSBB+a+a
22
SSCC) where S) where S A A, , SSBB

and Sand SCC are three phase instantaneous machine variables such as voltage, current or are three phase instantaneous machine variables such as voltage, current or 

flux and a is a 120flux and a is a 12000 phase shift operator [9]. The space vector can be projected onto phase shift operator [9]. The space vector can be projected onto

a set of direct and quadrature axes, with quadrature axis fixed along the axis of thea set of direct and quadrature axes, with quadrature axis fixed along the axis of the

 A  A phase phase stator stator winding. winding. For For motor motor conventconvention, ion, the the direct direct axis axis lags lags the the quadratuquadraturere

axis by 90axis by 9000. As a result, an ungrounded three phase induction machine can be. As a result, an ungrounded three phase induction machine can be

represented as a two phase induction machine as shown in Fig 4.1, where drepresented as a two phase induction machine as shown in Fig 4.1, where dss - - qqss

correspond to stator direct and quadrature axes, and dcorrespond to stator direct and quadrature axes, and d

rr

 –  – qq

r r 

  correspond to rotor   correspond to rotor 
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direct and quadrature axes. This projection reduces the number of voltage equationsdirect and quadrature axes. This projection reduces the number of voltage equations

to four but time varying inductances still remain.to four but time varying inductances still remain.

asas

bsbs

cscs

ar ar 

br br 

cr cr 

θθ
r r 

Ref Ref 

qqss

qqr r 

ddss
ddr r 

Ref Ref 

Fig. 4.1. Two phase equivalent representation of induction machineFig. 4.1. Two phase equivalent representation of induction machine

G. Kron proposed a transformation that eliminates time variant inductancesG. Kron proposed a transformation that eliminates time variant inductances

by projecting the stator and rotor variables onto a synchronously rotating referenceby projecting the stator and rotor variables onto a synchronously rotating reference

frame (with the quadrature axis fixed in synchronism with the rotating magneticframe (with the quadrature axis fixed in synchronism with the rotating magnetic

field). Later Krause and Thomas generalized Kron transformation to show that thefield). Later Krause and Thomas generalized Kron transformation to show that the

time varying inductances can always be removed by projecting the stator and rotor time varying inductances can always be removed by projecting the stator and rotor 

variables onto a common rotating reference frame which is not necessarily atvariables onto a common rotating reference frame which is not necessarily at

synchronous speed. The common reference frame can also be non-rotating in whichsynchronous speed. The common reference frame can also be non-rotating in which

case it is fixed in the stator and is called stationary reference frame. This change of case it is fixed in the stator and is called stationary reference frame. This change of 

variables decreases the complexity in modeling and control of a three phasevariables decreases the complexity in modeling and control of a three phase

symmetrical induction machine.symmetrical induction machine.
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4.1.1 d-q axes transformation4.1.1 d-q axes transformation

Fig. 4.2 shows a symmetrical induction machine with stationary as-bs-cs axes, 120Fig. 4.2 shows a symmetrical induction machine with stationary as-bs-cs axes, 12000

apart where s implies a stator quantity. The three phase stationary referenceapart where s implies a stator quantity. The three phase stationary reference

variables (as-bs-cs) are transformed to a two phase synchronously rotatingvariables (as-bs-cs) are transformed to a two phase synchronously rotating

reference frame (dreference frame (dee   – – qqee) variables in two steps. The first step is to transform the) variables in two steps. The first step is to transform the

three phase variables to a two phase stationary reference variables (dthree phase variables to a two phase stationary reference variables (d
ss
 – q – q

ss
) and the) and the

second step is to transform the two phase stationary variables to a two phasesecond step is to transform the two phase stationary variables to a two phase

synchronously rotating reference frame variables.synchronously rotating reference frame variables.

qqss- axis- axis

ref axisref axis

ddss- axis- axis

asas

bsbs

cscs

SS
qsqs

ss

SS
dsds

ss

SS
asas

SS
bsbs

SS
cscs

θθ

Fig. 4.2. Three phase to two phase stationary transformationFig. 4.2. Three phase to two phase stationary transformation

 A  A matrix matrix represenrepresentation tation for for converticonverting ng three three phase phase variablevariables s to to two two phasephase

stationary variables is given by:stationary variables is given by:

SSqsqs
ss

SSdsds
ss

SS0s0s
ss

  





  

  

  





  

22

33

coscos    θθ( ( ))

sinsin θ θ( ( ))

0.50.5

coscos    θθ    120120
oo−−( ( ))

sinsin θ θ    120120
oo−−( ( ))

0.50.5

coscos    θθ    120120
oo++( ( ))

sinsin θ θ    120120
oo++( ( ))

0.50.5

  



  

  



  

⋅⋅

SSasas

SS bs bs

SScscs

  



  

  



  

⋅⋅    4.14.1( ( ))
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wherewhere θθ  is the orientation angle of d  is the orientation angle of dss   – – qqss axes relative to reference axisaxes relative to reference axis

(Phase A’s).(Phase A’s).

SS0s0s
ss
  is a zero sequence component, which is always zero in the case of a  is a zero sequence component, which is always zero in the case of a

balanced induction machine with no neutral connection. For convenience, the qbalanced induction machine with no neutral connection. For convenience, the qss axis axis

is fixed along the as axis to makeis fixed along the as axis to make θθ  equal zero. So the transformation relations  equal zero. So the transformation relations

simplify to:simplify to:

SSqsqs
ss    22

33
SSasas⋅⋅

   11

33
SS bs bs⋅⋅−−

   11

33
SScscs⋅⋅−−    SSasas    4.24.2( ( ))

SSdsds
ss    11

33
−−    SS bs bs⋅⋅

   11

33
SScscs⋅⋅++    4.34.3( ( ))

Inversely, the relation for converting two phase stationary variables to threeInversely, the relation for converting two phase stationary variables to three
phase variables is given by:phase variables is given by:

SSasas    SSqsqs
ss

4.44.4( ( ))

SS bs bs
11

22
−−    SSqsqs

ss⋅⋅
   33

22
SSdsds

ss⋅⋅−−    4.54.5( ( ))

SS
cscs

11

22
−−    SS

qsqs

ss⋅⋅
   33

22
SS

dsds

ss⋅⋅++    4.64.6( ( ))

 Fig. 4.3 shows a synchronously rotating d Fig. 4.3 shows a synchronously rotating dee  – q– qee axes at synchronous speed axes at synchronous speed

ωωee  with respect to the d  with respect to the dss   – – qqss  axes at an angle  axes at an angle θθee  (angular reference for rotating  (angular reference for rotating

magnetic field) wheremagnetic field) where θθee==ωωeet. The dt. The dss   - - qqss  variables can be converted to d  variables can be converted to dee   – – qqee

variables as follows:variables as follows:
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SSqsqs    SSqsqs
ss

coscos    θθee( ( ))⋅⋅    SSdsds
ss

sinsin θ θee( ( ))⋅⋅−−    4.74.7( ( ))

SSdsds    SSqsqs
ss

sinsin θ θee( ( ))⋅⋅    SSdsds
ss

coscos    θθee( ( ))⋅⋅++    4.84.8( ( ))

qqss- axis- axis
ref axisref axis

ddss- axis- axis

asas
SS

qsqs
ss

SS
dsds

ss

θθ
ee

SS
qsqs

SS
dsds

qqee- axis- axis

ddee- axis- axis

Fig. 4.3. Stationary to synchronous frame transformationFig. 4.3. Stationary to synchronous frame transformation

The prefix ‘e’ for representing as synchronous rotating reference variablesThe prefix ‘e’ for representing as synchronous rotating reference variables

has been omitted for simplified representation. Similarly a reverse transformationhas been omitted for simplified representation. Similarly a reverse transformation

from the synchronous frame to stationary frame is given by:from the synchronous frame to stationary frame is given by:

SSqsqs
ss SSqsqs cos cos    θθee( ( ))⋅⋅    SSdsds sin sin  θ θee( ( ))⋅⋅++    4.94.9( ( ))

SSdsds
ss

SSqsqs−−    sinsin θ θee( ( ))⋅⋅    SSdsds cos cos    θθee( ( ))⋅⋅++   4.10  4.10( ( ))

Consider the following example to demonstrate the main advantage of Consider the following example to demonstrate the main advantage of 

choosing the synchronous reference frame. Let us start with a three phase stator choosing the synchronous reference frame. Let us start with a three phase stator 

voltages given by:voltages given by:
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vvasas   tt( ) ( ) VV pk  pk  cos cos    ωωee t t⋅ ⋅ φφ++( ( ))⋅⋅
4.114.11( ( ))

vv bs bs   tt( ) ( ) VV pk  pk  cos cos    ωωee t t⋅⋅
   22 π π⋅⋅

33
− − φφ++

  
  

  
  

⋅⋅
4.124.12( ( ))

vvcscs   tt( ) ( ) VV pk  pk  cos cos    ωωee t t⋅⋅
   22 π π⋅⋅

33
+ + φφ++

  

  

  
  

⋅⋅
4.134.13( ( ))

Substituting equations (4.11)-(4.13) in (4.2)-(4.3) and simplifying gives theSubstituting equations (4.11)-(4.13) in (4.2)-(4.3) and simplifying gives the

stationary reference frame values:stationary reference frame values:

vvqsqs
ss

VV pk  pk  cos cos    ωωee t t⋅ ⋅ φφ++( ( ))⋅⋅   4.14  4.14( ( ))

vvdsds
ss VV pk  pk −−    sinsin ω ωee t t⋅ ⋅ φφ++( ( ))⋅⋅   4.15  4.15( ( ))

Substituting equations (4.14)-(4.15) in (4.7)-(4.8) and simplifying gives theSubstituting equations (4.14)-(4.15) in (4.7)-(4.8) and simplifying gives the

synchronous reference frame values:synchronous reference frame values:

vvqsqs    VV pk  pk  cos cos    φφ( ( ))⋅⋅   4.16  4.16( ( ))

vvdsds    VV pk  pk −−    sinsin φ φ( ( ))⋅⋅   4.17  4.17( ( ))

Equations (4.16)-(4.17) are important results. The time varying quantities inEquations (4.16)-(4.17) are important results. The time varying quantities in

stationary reference frame appear as DC quantities in synchronous reference frame.stationary reference frame appear as DC quantities in synchronous reference frame.

This makes the control system less difficult.This makes the control system less difficult.

The stationary and synchronous reference stator voltage variables can beThe stationary and synchronous reference stator voltage variables can be

represented as complex space vectors as follows:represented as complex space vectors as follows:
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vvqdsqds
ss

vvqsqs
ss

 j v j vdsds
ss⋅⋅−−   4.18  4.18( ( ))

vvqdsqds    vvqsqs
ss

 j v j vdsds
ss⋅⋅−−    ee

 j j− − θθee⋅⋅
⋅⋅   4.19  4.19( ( ))

Equation 4.19 is direct result obtained using eulers rule (eEquation 4.19 is direct result obtained using eulers rule (e j jθθ=cos=cosθθ+jsin+jsinθθ,,

where j=where j=√√-1 and-1 and θθ==θθee==ωωeet).t).
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4.1.2 Full transient induction machine model4.1.2 Full transient induction machine model

The induction machine can be mathematically modeled in a synchronously rotatingThe induction machine can be mathematically modeled in a synchronously rotating

dq reference frame using the state space flux equations (4.20) – (4.24), where p is adq reference frame using the state space flux equations (4.20) – (4.24), where p is a

derivative operator with respect to time (see Appendix A Sections 10.4 and 10.5 for derivative operator with respect to time (see Appendix A Sections 10.4 and 10.5 for 

the derivation of these equations).the derivation of these equations).

 p p λ λqdsqds⋅⋅    VVqdsqds    λλqdsqds L Lr r ⋅ ⋅ λλqdr qdr  L Lmm⋅⋅−−( ( ))
   R R ss

LLss L Lr r ⋅ ⋅ σσ⋅⋅
⋅⋅++    jj λ λqdsqds⋅ ⋅ ωωee⋅⋅−−

4.204.20( ( ))

 p p λ λqdr qdr ⋅ ⋅ λλqdr qdr  L Lss⋅ ⋅ λλqdsqds L Lmm⋅⋅−−( ( ))
   R R r r 

LLss L Lr r ⋅ ⋅ σσ⋅⋅
⋅⋅



  





  


−−    jj λ λqdr qdr ⋅ ⋅ ωωee    ωωr r −−( ( ))⋅⋅−−

4.214.21( ( ))

iiqdsqds    λλqdsqds

LLmm

LLr r 

λλqdr qdr ⋅⋅−−
  

  

  

  

11

LLss σ σ⋅⋅
⋅⋅   4.22  4.22( ( ))

TTee
33

22

PP

22

  

  

  
  
  

⋅ ⋅ λλdsds i iqsqs⋅ ⋅ λλqsqs i idsds⋅⋅−−( ( ))⋅⋅
4.234.23( ( ))

 p p ω ω r r ⋅⋅
   PP

2 2 JJ⋅⋅

   TTee    TTLL−−( ( ))⋅⋅
4.244.24( ( ))

The mathematical model, with VThe mathematical model, with Vqdsqds,, ωωee and Tand TLL as inputs, calculates the currents (ias inputs, calculates the currents (iqdsqds),),

rotor speed (rotor speed (ωωr r ) and electromagnetic torque (T) and electromagnetic torque (Tee) in the synchronous dq reference) in the synchronous dq reference

frame. The outputs are stator currents in synchronous reference frame, the rotor frame. The outputs are stator currents in synchronous reference frame, the rotor 

angular velocity and the electromagnetic torque. A built in dq to abc transformationangular velocity and the electromagnetic torque. A built in dq to abc transformation

component in EMTDC is used for converting the output stator currents to abccomponent in EMTDC is used for converting the output stator currents to abc

reference frame.reference frame.

The induction machine appears as current source to the voltage sourced converter The induction machine appears as current source to the voltage sourced converter 

so the electrical model is represented as three dependent current sources driven byso the electrical model is represented as three dependent current sources driven by
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the currents computed by the mathematical model. The voltages at the converter the currents computed by the mathematical model. The voltages at the converter 

terminals are transformed to synchronous dq reference frame and are inputs to theterminals are transformed to synchronous dq reference frame and are inputs to the

mathematical model.mathematical model.

Figs. 4.4-4.7 shows the start up performance of the full transient induction machineFigs. 4.4-4.7 shows the start up performance of the full transient induction machine

model for a negative load torque (for simplicity the converter is initially replaced withmodel for a negative load torque (for simplicity the converter is initially replaced with

a three phase voltage source). A negative torque of –11.74 N-m was applied to thea three phase voltage source). A negative torque of –11.74 N-m was applied to the

induction machine model. Fig. 4.4 shows the full transient output synchronous dqinduction machine model. Fig. 4.4 shows the full transient output synchronous dq

reference frame stator currents. Fig. 4.5 shows the actual currents seen in thereference frame stator currents. Fig. 4.5 shows the actual currents seen in the

electrical model. Fig. 4.6 shows the electromagnetic torque output which settles to -electrical model. Fig. 4.6 shows the electromagnetic torque output which settles to -

11.74 N-m after 0.5 sec. Fig. 4.7 shows the rotor angular velocity variation in the11.74 N-m after 0.5 sec. Fig. 4.7 shows the rotor angular velocity variation in the

transient and steady state period.transient and steady state period.
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4.2 Field oriented controller 4.2 Field oriented controller 

The control of the magnitude and phase of the AC excitation to the inductionThe control of the magnitude and phase of the AC excitation to the induction

machine resulting in a controlled spatial orientation of the electromagnetic fields ismachine resulting in a controlled spatial orientation of the electromagnetic fields is

termed as vector control or field oriented control [10]. The basic concept of fieldtermed as vector control or field oriented control [10]. The basic concept of field

orientation is to align the rotor flux space vector along the d-axis so that the q-axisorientation is to align the rotor flux space vector along the d-axis so that the q-axis

component of the flux is zero at all times. With this alignment, torque and flux of thecomponent of the flux is zero at all times. With this alignment, torque and flux of the

machine can be controlled instantaneously and independently as in a separatelymachine can be controlled instantaneously and independently as in a separately

excited DC machine. The rotor flux angle can be obtained either by directlyexcited DC machine. The rotor flux angle can be obtained either by directly

computing it from the flux measurement using Hall effect sensors (called direct fieldcomputing it from the flux measurement using Hall effect sensors (called direct field

oriented control) and the other by indirectly computing it from the measured rotor oriented control) and the other by indirectly computing it from the measured rotor 

position and slip relation (called indirect field oriented control).position and slip relation (called indirect field oriented control).

Indirect field orientation using voltage as control variable is modeled inIndirect field orientation using voltage as control variable is modeled in

EMTDC for this investigation (see Appendix A 10.4 for the EMTDC implementation).EMTDC for this investigation (see Appendix A 10.4 for the EMTDC implementation).

Fig. 4.8 shows the basic layout of the controller. The controller uses flux and torqueFig. 4.8 shows the basic layout of the controller. The controller uses flux and torque

commands as inputs with a compensated flux response for correctly handling fluxcommands as inputs with a compensated flux response for correctly handling flux

variations. The torque command comes from the energy control system (see chapter variations. The torque command comes from the energy control system (see chapter 

6). The flux is kept constant. The outputs, synchronous reference stator voltages6). The flux is kept constant. The outputs, synchronous reference stator voltages

and rotating magnetic field angular velocity, are input commands to space vector and rotating magnetic field angular velocity, are input commands to space vector 

PWM pulse generator model.PWM pulse generator model.

The main disadvantage of the indirect field oriented controller is that it isThe main disadvantage of the indirect field oriented controller is that it is

sensitive to parameter variations, especially rotor resistance. This can be rectified bysensitive to parameter variations, especially rotor resistance. This can be rectified by

the use of flux observers [11]. In the future a flux observer will be added to make thethe use of flux observers [11]. In the future a flux observer will be added to make the

field oriented controller more robust.field oriented controller more robust.

The flywheel is modeled as an added inertia on the rotor of the inductionThe flywheel is modeled as an added inertia on the rotor of the induction

machine.machine.
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4.3 Space vector PWM pulse generator model4.3 Space vector PWM pulse generator model

The space vector PWM technique is used for controlling the switching of theThe space vector PWM technique is used for controlling the switching of the

machine side converter. Advantages of this method include higher modulation index,machine side converter. Advantages of this method include higher modulation index,

simpler control system, lower switching losses and less harmonic distortionsimpler control system, lower switching losses and less harmonic distortion

compared to sinusoidal PWM [12].compared to sinusoidal PWM [12].

 A  A three-phthree-phase ase bridge bridge converteconverter r has has eight eight possible possible switchinswitching g states states with with thethe

constraint that no two switches in the same phase leg are both ON (or OFF) at theconstraint that no two switches in the same phase leg are both ON (or OFF) at the

same time as shown in Fig. 4.9. Each state impresses a voltage across the wyesame time as shown in Fig. 4.9. Each state impresses a voltage across the wye

connected machine windings, which can be represented by a voltage space vector.connected machine windings, which can be represented by a voltage space vector.

33

 A A BB CCVdcVdc

++

--

11

22

55

44 66

SSttaattee SSwwiittcchh VVeeccttoor  r  

II 66--11--22 VV11

IIII 11--22--33 VV22

IIIIII 22--33--44 VV33

IVIV 33--44--55 VV44

VV 44--55--66 VV55

VVII 55--66--11 VV66

VVIIII 11--33--55 VV77

VIIIVIII 44--66--22 VV88

Fig. 4.9. Bridge converter switching statesFig. 4.9. Bridge converter switching states

This results in six active vectors and two zero vectors as shown in Fig.4.10.This results in six active vectors and two zero vectors as shown in Fig.4.10.

The six active vectors divide the plane into six sectors each 60The six active vectors divide the plane into six sectors each 60°° apart with the other  apart with the other 

two zero vectors remain at the origin [12].two zero vectors remain at the origin [12].
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The commanded voltage space vector (VThe commanded voltage space vector (Vqdsqds
**) can be constructed by the time) can be constructed by the time

distribution of the eight vectors over the switching interval (Tdistribution of the eight vectors over the switching interval (TZZ). To minimize the). To minimize the

number of switching actions and thereby switching losses, only the two adjacentnumber of switching actions and thereby switching losses, only the two adjacent

active vectors and the two zero vectors are used in a sector [12]. The timeactive vectors and the two zero vectors are used in a sector [12]. The time

distribution of the two active vectors (Tdistribution of the two active vectors (Taa and T and Tbb) and the zero vectors (T) and the zero vectors (T00/2 and T/2 and T00/2)/2)

in each sector are computed using equations (4.25)-(4.27) wherein each sector are computed using equations (4.25)-(4.27) where αα  is the active  is the active

vector angle with reference to stationary reference frame q-axis.vector angle with reference to stationary reference frame q-axis.
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 A  A space space vector vector pulse pulse width width modulatomodulator r has has been been modeled modeled in in EMTDC. EMTDC. Fig. Fig. 4.114.11

shows the basic layout of the modulator model. The modulator fabricates the spaceshows the basic layout of the modulator model. The modulator fabricates the space

vector PWM pulses with the commanded Vvector PWM pulses with the commanded Vdsds and V and Vqsqs voltages from IDFOC model, voltages from IDFOC model,

output frequency (output frequency (ωωee), switching frequency and DC bus voltage (V), switching frequency and DC bus voltage (VDCDC). It has the). It has the

following sub-models:following sub-models:

••   Time Time computer computer 

••   Asynchronous Asynchronous timer timer 

••   Sector Sector pulse pulse generator generator 

••   Variable Variable Sample Sample and and hold hold circuitcircuit

••   Pulse Pulse fabricator fabricator 
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Fig. 4.11. Basic layout of space vector PWM pulse generator modelFig. 4.11. Basic layout of space vector PWM pulse generator model

The distribution of the time the two active vectors and the zero vectors spendThe distribution of the time the two active vectors and the zero vectors spend

in each sector is computationally intensive. A time computer is modeled using ain each sector is computationally intensive. A time computer is modeled using a

MATLAB script interfaced to EMTDC (see Appendix B 11.9 and 11.10). The scriptMATLAB script interfaced to EMTDC (see Appendix B 11.9 and 11.10). The script

outputs the active and zero switching times (Toutputs the active and zero switching times (Taa, T, Tbb and T and T00) and sector reference (S).) and sector reference (S).

The inputs to the time computer are the commanded VThe inputs to the time computer are the commanded Vdsds  and V  and Vqsqs  voltages from  voltages from
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IDFOC model, angle reference (IDFOC model, angle reference (θθee), the switching frequency and the DC bus voltage), the switching frequency and the DC bus voltage

(V(VDCDC). The angle reference,). The angle reference, θθee, is obtained using a Voltage Controlled Oscillator , is obtained using a Voltage Controlled Oscillator 

(VCO) component in EMTDC. The output is shown in Fig. 4.12.(VCO) component in EMTDC. The output is shown in Fig. 4.12.
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Fig. 4.12. Angle reference,Fig. 4.12. Angle reference, θθee, Time computer input, Time computer input

 A  A sector pulse sector pulse generatogenerator r (SPG) generates pulses for (SPG) generates pulses for the sector the sector referenreference. Itce. It

has one input (S) and six outputs (S1-S6). Fig. 4.13 shows the output ‘S’. Dependinghas one input (S) and six outputs (S1-S6). Fig. 4.13 shows the output ‘S’. Depending

on the sector the commanded space vector is in, only one of the six outputs areon the sector the commanded space vector is in, only one of the six outputs are

going to stay high as shown in Fig. 4.14.going to stay high as shown in Fig. 4.14.
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Fig. 4.14. Sector reference, S1-S6, Sector pulse generator outputFig. 4.14. Sector reference, S1-S6, Sector pulse generator output

 An  An asynchrasynchronous onous timer timer acts acts as as a a time time referencreference e for for sampling sampling and and pulsepulse

fabrication. The inputs to this timer are the commanded frequency and the switchingfabrication. The inputs to this timer are the commanded frequency and the switching

frequency. The output is a switching time in seconds that resets every time afrequency. The output is a switching time in seconds that resets every time a

switching occurs. Since the time computer calculates the zero and active switchingswitching occurs. Since the time computer calculates the zero and active switching

times in a particular sector, the timer needs to be forcefully reset whenever there is atimes in a particular sector, the timer needs to be forcefully reset whenever there is a
sector transition.sector transition.

For a switching frequency of 1kHz (the switching time is 1ms) andFor a switching frequency of 1kHz (the switching time is 1ms) and

commanded frequency of 60Hz, (the sector time is 2.778mscommanded frequency of 60Hz, (the sector time is 2.778ms ≈≈  3ms), the  3ms), the

asynchronous timer output resets three times (3ms/1ms) as shown in Fig. 4.15. Aasynchronous timer output resets three times (3ms/1ms) as shown in Fig. 4.15. A

forced reset is not necessary in this case. Now consider for the same case butforced reset is not necessary in this case. Now consider for the same case but

different switching frequency of 1.2kHz (the switching time is 0.83ms). Thedifferent switching frequency of 1.2kHz (the switching time is 0.83ms). The

asynchronous timer output now resets 3.33 times (2.778ms/0.83ms=3.33). Now aasynchronous timer output now resets 3.33 times (2.778ms/0.83ms=3.33). Now a

forceful reset is necessary as shown in Fig. 4.16. A similar case results if theforceful reset is necessary as shown in Fig. 4.16. A similar case results if the

switching frequency stays the same and the commanded frequency changes. Theswitching frequency stays the same and the commanded frequency changes. The
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reset feature was added to make the space vector PWM pulse generator morereset feature was added to make the space vector PWM pulse generator more

flexible and reliable. A reset feature was added to the VCO component in EMTDC,flexible and reliable. A reset feature was added to the VCO component in EMTDC,

the output of which is shown as Forced reset in Fig. 4.15 and Fig. 4.16.the output of which is shown as Forced reset in Fig. 4.15 and Fig. 4.16.
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The active and zero switching times calculated by the time computer areThe active and zero switching times calculated by the time computer are

continuously varying with reference anglecontinuously varying with reference angle θθee. They need to be constant during. They need to be constant during

switching interval, so a sampler component in EMTDC is used. The sampling rate isswitching interval, so a sampler component in EMTDC is used. The sampling rate is

dependent on the pulse train obtained from the edge triggered asynchronous timer.dependent on the pulse train obtained from the edge triggered asynchronous timer.
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Using the time reference, the sampled active and zero switching times, andUsing the time reference, the sampled active and zero switching times, and

sector reference, the pulse fabricator generates space vector PWM pulses. Tablesector reference, the pulse fabricator generates space vector PWM pulses. Table

4.1 shows the time distribution of the eight vectors in the sectors. The 1-3-54.1 shows the time distribution of the eight vectors in the sectors. The 1-3-5

indicates switches on the upper leg of the converter. The corresponding rowsindicates switches on the upper leg of the converter. The corresponding rows

indicate the logic indicate the logic state of the state of the switches H-High and switches H-High and L-Low. L-Low. Note that only Note that only a singlea single

switch changes its state in a sector (to minimize switching losses). Also note that atswitch changes its state in a sector (to minimize switching losses). Also note that at

the end of every sector the switches are back to their starting state.the end of every sector the switches are back to their starting state.

Table 4.1 Time distributions of eight vectors in the sectors.Table 4.1 Time distributions of eight vectors in the sectors.

SSeeccttoorr TTooss//22 TTaass TTbbss TTooss TTbbss TTaass TTooss//22

II 8 1 2 7 2 1 88 1 2 7 2 1 8

1-3-51-3-5 LL--LL--LL HH--LL--LL HH--HH--LL HH--HH--HH HH--HH--LL HH--LL--LL LL--LL--LL

IIII 8 3 2 7 2 3 88 3 2 7 2 3 8

1-3-51-3-5 LL--LL--LL LL--HH--LL HH--HH--LL HH--HH--HH HH--HH--LL LL--HH--LL LL--LL--LL

IIIIII 8 3 4 7 4 3 88 3 4 7 4 3 8

1-3-51-3-5 LL--LL--LL LL--HH--LL LL--HH--HH HH--HH--HH LL--HH--HH LL--HH--LL LL--LL--LL
IVIV 8 5 4 7 4 5 88 5 4 7 4 5 8

1-3-51-3-5 LL--LL--LL LL--LL--HH LL--HH--HH HH--HH--HH LL--HH--HH LL--LL--HH LL--LL--LL

VV 8 5 6 7 6 5 88 5 6 7 6 5 8

1-3-51-3-5 LL--LL--LL LL--LL--HH HH--LL--HH HH--HH--HH HH--LL--HH LL--LL--HH LL--LL--LL

VIVI 8 1 6 7 6 1 88 1 6 7 6 1 8

1-3-51-3-5 LL--LL--LL HH--LL--LL HH--LL--HH HH--HH--HH HH--LL--HH HH--LL--LL LL--LL--LL

 A  A common common sequencsequence e for for time time distributiodistribution n is is hidden hidden in in Table Table 4.1 4.1 which which isis

shown in Table 4.2. They are named X, Y and Z.shown in Table 4.2. They are named X, Y and Z.

Table 4.2 Common sequence for time distributions.Table 4.2 Common sequence for time distributions.

SSeeqquueennccee TTooss//22 TTaass TTbbss TTooss TTbbss TTaass TTooss//22

XX L H H H H H LL H H H H H L

 Y Y L L H H H L LL L H H H L L

ZZ L L L H L L LL L L H L L L

The pulse fabricator generates pulses that are high for the Tas, Tbs and TosThe pulse fabricator generates pulses that are high for the Tas, Tbs and Tos

times using comparators. These pulses need to be distributed according to thetimes using comparators. These pulses need to be distributed according to the

sequence shown in Table 4.3. This was done by using an array of AND gates (seesequence shown in Table 4.3. This was done by using an array of AND gates (see

 Append Appendix-A). The outputs ix-A). The outputs are OR’ed output of are OR’ed output of each sequence column in each sequence column in Table 4.3,Table 4.3,

which are the gate pulses to 1-3-5 of the converter. Fig. 4.17 shows the space vector which are the gate pulses to 1-3-5 of the converter. Fig. 4.17 shows the space vector 
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PWM pulse generator output pulses for the top three IGBT’s (1-3-5) of the converter.PWM pulse generator output pulses for the top three IGBT’s (1-3-5) of the converter.

The gate pulses to 2-4-6 are the inverted 1-3-5 gate pulses.The gate pulses to 2-4-6 are the inverted 1-3-5 gate pulses.

Table 4.3 Sequence for time distributions in each sector.Table 4.3 Sequence for time distributions in each sector.

SecSecttoorr SeSeqquuenenccee

II X-Y-ZX-Y-Z

IIII Y-X-ZY-X-Z

IIIIII Z-X-YZ-X-Y

IVIV Z-Y-XZ-Y-X

VV Y-Z-XY-Z-X

VVII X-Z-YX-Z-Y
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The software layout of a field oriented control AC drive is shown in Fig. 4.18.The software layout of a field oriented control AC drive is shown in Fig. 4.18.

It consists of all of the custom models that were discussed in this chapter integratedIt consists of all of the custom models that were discussed in this chapter integrated

into a field oriented controlled AC drive.into a field oriented controlled AC drive.
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5.0 5.0 STSTAATIC SERIES TIC SERIES COMPENCOMPENSASATOR TOR MODELMODEL

 A  A static static series series compensacompensator tor injects injects three three AC AC voltages voltages of of variable variable amplitude amplitude andand

phase angle into the line for voltage sag correction. Without energy storage, thephase angle into the line for voltage sag correction. Without energy storage, the

compensator can only inject voltages in quadrature with the load current and hencecompensator can only inject voltages in quadrature with the load current and hence

larger voltage injection is required to mitigate the voltage sag. In addition, purelylarger voltage injection is required to mitigate the voltage sag. In addition, purely

reactive static series sag compensator is only effective for small voltage sags. Withreactive static series sag compensator is only effective for small voltage sags. With

energy storage, the static series compensator has flexibility to inject voltage at anyenergy storage, the static series compensator has flexibility to inject voltage at any

phase angle and can compensate for deeper and longer voltage sags.phase angle and can compensate for deeper and longer voltage sags.

Fig. 5.1 shows the basic layout of the static series compensator, modeled inFig. 5.1 shows the basic layout of the static series compensator, modeled in

EMTDC (see Appendix B). It consists of a shipboard power system model, seriesEMTDC (see Appendix B). It consists of a shipboard power system model, series

transformer, LC filters, VSC and a sinusoidal PWM pulse generator for controllingtransformer, LC filters, VSC and a sinusoidal PWM pulse generator for controlling

the SPS side VSC.the SPS side VSC.
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5.1 Shipboard power system model5.1 Shipboard power system model

The shipboard power system is modeled as a simple radial system with aThe shipboard power system is modeled as a simple radial system with a

source, a bus and two loads as shown in Fig. 5.2. One is a sensitive load to whichsource, a bus and two loads as shown in Fig. 5.2. One is a sensitive load to which

the flywheel energy storage system is connected in series. The other load isthe flywheel energy storage system is connected in series. The other load is

connected to the same bus through a distribution line. When a fault occurs at thisconnected to the same bus through a distribution line. When a fault occurs at this

load, the sensitive load experiences voltage sag. Faults are created using a threeload, the sensitive load experiences voltage sag. Faults are created using a three

phase fault component. The duration of the fault is controlled by a timed fault logicphase fault component. The duration of the fault is controlled by a timed fault logic

component. The depth of the sag can be changed by varying the length of thecomponent. The depth of the sag can be changed by varying the length of the

distribution line or source impedance.distribution line or source impedance.
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LOADLOAD

OTHEROTHER
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Fig. 5.2. Shipboard power system modelFig. 5.2. Shipboard power system model

5.2 Series transformer and filters5.2 Series transformer and filters

The series injection transformer can be connected in two ways, either The series injection transformer can be connected in two ways, either 

wye/open winding or delta/open winding. Delta/open winding is used since itwye/open winding or delta/open winding. Delta/open winding is used since it

prevents the third harmonic and zero sequence currents from entering the systemprevents the third harmonic and zero sequence currents from entering the system

and also maximizes the use of the DC link compared to wye/open winding. A deltaand also maximizes the use of the DC link compared to wye/open winding. A delta

connected LC filter bank is used to smooth the injected voltage. Filters delay theconnected LC filter bank is used to smooth the injected voltage. Filters delay the

response of the energy storage system to voltage sags.response of the energy storage system to voltage sags.
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5.3 Sinusoidal PWM pulse generator model5.3 Sinusoidal PWM pulse generator model

 A  A sinusoidsinusoidal al pulse pulse width width modulatomodulator r is is modeled modeled in in EMTDC EMTDC to to control control thethe

switching of the VSC on the SPS side. For a given amplitude modulation index,switching of the VSC on the SPS side. For a given amplitude modulation index,

phase angle reference, AC system frequency and DC bus voltage, it generates firingphase angle reference, AC system frequency and DC bus voltage, it generates firing

pulses for the converter. The switching frequency is 10.8kHz. The amplitude is fixedpulses for the converter. The switching frequency is 10.8kHz. The amplitude is fixed

at 1.0 and phase angle is controlled such that during standby mode the injectedat 1.0 and phase angle is controlled such that during standby mode the injected

voltage and line current are in quadrature. During the discharge mode a proportionalvoltage and line current are in quadrature. During the discharge mode a proportional

integral feedback error between the per unit magnitude of the measured critical loadintegral feedback error between the per unit magnitude of the measured critical load

voltage space vector and the reference value (0.95) is computed such that thevoltage space vector and the reference value (0.95) is computed such that the

phase angle reference remains the same as the pre sag value. During the chargephase angle reference remains the same as the pre sag value. During the charge

mode the speed and DC bus controllers allow the energy to flow into the flywheelmode the speed and DC bus controllers allow the energy to flow into the flywheel

and when the flywheel reaches its rated speed it is again in standby mode with theand when the flywheel reaches its rated speed it is again in standby mode with the

line current in quadrature to the injected voltage.line current in quadrature to the injected voltage.

The models were integrated and tested by replacing the machine side with anThe models were integrated and tested by replacing the machine side with an

equivalent current source before integrating it with the field oriented control AC driveequivalent current source before integrating it with the field oriented control AC drive

model (see Appendix B).model (see Appendix B).
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6.0 CONTROL SYSTEM6.0 CONTROL SYSTEM

The control system consists of two main parts, an inner control system and an outer The control system consists of two main parts, an inner control system and an outer 

control system. The inner control system consists of the two firing schemes for control system. The inner control system consists of the two firing schemes for 

controlling the two voltage sourced converters. A sinusoidal PWM scheme is usedcontrolling the two voltage sourced converters. A sinusoidal PWM scheme is used
for static series compensator, and a space vector PWM scheme is used for the fieldfor static series compensator, and a space vector PWM scheme is used for the field

oriented controlled AC drive. The control system can be viewed as having twooriented controlled AC drive. The control system can be viewed as having two

levels. The outer control system responds to the external system. The inner controllevels. The outer control system responds to the external system. The inner control

system generates the gate pulses for the devices in the converters based on inputssystem generates the gate pulses for the devices in the converters based on inputs

from the outer control system. The inputs to the sinusoidal PWM are controlledfrom the outer control system. The inputs to the sinusoidal PWM are controlled

directly by the outer control system. The inputs to the space vector PWM aredirectly by the outer control system. The inputs to the space vector PWM are

indirectly controlled by the outer control system with a field oriented controller. Theindirectly controlled by the outer control system with a field oriented controller. The

outer control system consists of a sag detector, sag corrector and an energy controlouter control system consists of a sag detector, sag corrector and an energy control

system. The basic layout is shown in Fig. 6.1.system. The basic layout is shown in Fig. 6.1.
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The outer control system determines the energy to flow in to and out of theThe outer control system determines the energy to flow in to and out of the

system according to the sag correction and flywheel recharging needs. The outputssystem according to the sag correction and flywheel recharging needs. The outputs

of this control system are a torque command, modulation index and phase angle,of this control system are a torque command, modulation index and phase angle,

which are inputs to the inner control system.which are inputs to the inner control system.

6.1 Sag Detector and Corrector 6.1 Sag Detector and Corrector 

6.1.1 Sag Detector 6.1.1 Sag Detector 

The sag detector detects the presence of voltage sag and activates theThe sag detector detects the presence of voltage sag and activates the

control system for sag correction. The layout of the sag detector is shown in Fig. 6.2.control system for sag correction. The layout of the sag detector is shown in Fig. 6.2.

The output, SD, is a pulse that is active as long as the voltage is out of toleranceThe output, SD, is a pulse that is active as long as the voltage is out of tolerance

during the sag. The inputs are the voltages measured on the SPS side of the seriesduring the sag. The inputs are the voltages measured on the SPS side of the series

transformer. The measured voltages are converted to D-Q space vectors in atransformer. The measured voltages are converted to D-Q space vectors in a

synchronously rotating reference frame. The per unit magnitude of this space vector synchronously rotating reference frame. The per unit magnitude of this space vector 

is compared to a reference value of 0.98. Theoretically, the reference value could beis compared to a reference value of 0.98. Theoretically, the reference value could be

set to 1.0, but that makes the energy storage system overly sensitive resulting inset to 1.0, but that makes the energy storage system overly sensitive resulting in

incorrect compensation of transients at the end of sag. A transient of 1% reduction isincorrect compensation of transients at the end of sag. A transient of 1% reduction is

seen at the end of the voltage sag, so the reference value is set to 0.98 to preventseen at the end of the voltage sag, so the reference value is set to 0.98 to prevent

sag detector detecting it. It can be set to any value from 0.91 to 1.0 depending onsag detector detecting it. It can be set to any value from 0.91 to 1.0 depending on

the maximum transient that may occur after a voltage sag.the maximum transient that may occur after a voltage sag.

The sag detector provides an accurate result for balanced voltage sags. TheThe sag detector provides an accurate result for balanced voltage sags. The

energy storage response is based on how fast the sag is detected and how reliably itenergy storage response is based on how fast the sag is detected and how reliably it

is detected.is detected.

The advantage of using synchronous reference frame is that the inputs areThe advantage of using synchronous reference frame is that the inputs are

DC and hence control system is simpler. Also, compared to RMS based sagDC and hence control system is simpler. Also, compared to RMS based sag

detectors, the D-Q based sag detectors have faster response time as they are baseddetectors, the D-Q based sag detectors have faster response time as they are based

on instantaneous quantities. RMS based sag detectors have slow response timeon instantaneous quantities. RMS based sag detectors have slow response time

since they are based on half cycle or full cycle of instantaneous data [4].since they are based on half cycle or full cycle of instantaneous data [4].
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6.1.2 Sag Corrector 6.1.2 Sag Corrector 

 A  A proportiproportional feedback controller for onal feedback controller for voltage sag voltage sag correctcorrection is ion is shown in shown in Fig.Fig.

6.2. The output, T6.2. The output, TSAGSAG, is a negative torque command to the energy control system., is a negative torque command to the energy control system.

TTSAGSAG, is a scaled error of the difference between the per unit magnitude of the SPS, is a scaled error of the difference between the per unit magnitude of the SPS

voltage space vector measured and the reference value (1.0 p.u). Tvoltage space vector measured and the reference value (1.0 p.u). TSAGSAG  value is  value is

limited by the amount of energy available for discharge and stability conditions of thelimited by the amount of energy available for discharge and stability conditions of the

energy storage system. A detailed analysis of this will be a future topic. A simpleenergy storage system. A detailed analysis of this will be a future topic. A simple

hard limiter was used for limiting the maximum and minimum value of the negativehard limiter was used for limiting the maximum and minimum value of the negative

torque output.torque output.
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6.2 Energy Control System6.2 Energy Control System

Fig. 6.3 shows the basic layout of the energy control system. The output is a netFig. 6.3 shows the basic layout of the energy control system. The output is a net

torque command to the Indirect FOC, which is the sum of outputs from three maintorque command to the Indirect FOC, which is the sum of outputs from three main

control blocks: control blocks: DC voltage DC voltage control, speed control, speed control and control and sag correction control. sag correction control. TheThe

torque command, Ttorque command, TCC, is an input to the Indirect FOC in Fig. 4.8., is an input to the Indirect FOC in Fig. 4.8.

 A  A proportiproportional integral onal integral feedbacfeedback k controllecontroller r is is used for used for controllcontrolling ing rotor speedrotor speed

and DC bus voltage. Speed control, the slowest controller, is used for charging theand DC bus voltage. Speed control, the slowest controller, is used for charging the

flywheel to its rated speed when the sag is cleared. If the sag detector detects a sag,flywheel to its rated speed when the sag is cleared. If the sag detector detects a sag,

SD goes high. This results in bypassing the speed and DC bus voltage controllersSD goes high. This results in bypassing the speed and DC bus voltage controllers

(as shown with the inverters), such that T(as shown with the inverters), such that TCC equals T equals TSAGSAG, and improves the response, and improves the response

time. Once the sag is cleared, SD goes low, reactivating the speed and DC bustime. Once the sag is cleared, SD goes low, reactivating the speed and DC bus

voltage controllers. The speed controller is intentionally made slower to prevent sagvoltage controllers. The speed controller is intentionally made slower to prevent sag

due to charging the flywheel and thereby improving stability of the energy storagedue to charging the flywheel and thereby improving stability of the energy storage

system.system.
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7.0 RESULTS7.0 RESULTS

The models discussed in Chapters 4 through 6 are integrated with a flywheel energyThe models discussed in Chapters 4 through 6 are integrated with a flywheel energy

storage system model and a test case was created to analyze its performance.storage system model and a test case was created to analyze its performance.

 Append Appendix B provix B provides more ides more detail on detail on how theshow these models e models were intewere integrated.grated.

7.1 Test case7.1 Test case

The flywheel energy storage system performance is analyzed by creating a threeThe flywheel energy storage system performance is analyzed by creating a three

phase fault at the location shown in Fig. 7.1, resulting in a balanced voltage sag of phase fault at the location shown in Fig. 7.1, resulting in a balanced voltage sag of 

63% on the SPS side of the series transformer. The depth of the voltage sag63% on the SPS side of the series transformer. The depth of the voltage sag

depends on this distance of the fault from the bus. The fault occurs at 1.5sec in todepends on this distance of the fault from the bus. The fault occurs at 1.5sec in to

the simulation time the simulation time frame, and frame, and has duration has duration of 20 of 20 cycles (60Hz). cycles (60Hz). The simulationThe simulation

time step is 10 microseconds.time step is 10 microseconds.

CRITICALCRITICAL

LOADLOAD

OTHEROTHER

LOADLOAD

       S       S

FESSFESS

++

==

Fig. 7.1. Test case for analyzing FESS performanceFig. 7.1. Test case for analyzing FESS performance
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7.2 Analysis of simulation results7.2 Analysis of simulation results

Fig. 7.2 shows the detection of the voltage sag by the sag detector. SD is zero untilFig. 7.2 shows the detection of the voltage sag by the sag detector. SD is zero until

the fault is detected and then goes high (logic value 1.0) when the SPS voltage isthe fault is detected and then goes high (logic value 1.0) when the SPS voltage is

out of tolerance. The output VdqSPS is the per unit magnitude of SPS side voltageout of tolerance. The output VdqSPS is the per unit magnitude of SPS side voltage

space vector and VabcSPS is the per unit RMS voltage. Note that the space vector space vector and VabcSPS is the per unit RMS voltage. Note that the space vector 

voltage magnitude changes much more quickly, since it is based on instantaneousvoltage magnitude changes much more quickly, since it is based on instantaneous

quantities, and not averaged over a cycle as the RMS voltages are. Therefore, aquantities, and not averaged over a cycle as the RMS voltages are. Therefore, a

RMS voltage reference based sag detector will react more slowly, and hurt theRMS voltage reference based sag detector will react more slowly, and hurt the

response of the system. The space vector based DQ voltage is used to provideresponse of the system. The space vector based DQ voltage is used to provide

faster, more accurate detection of the voltage sag.faster, more accurate detection of the voltage sag.
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When SD goes high, as shown in Fig. 7.2, the sag corrector is activated andWhen SD goes high, as shown in Fig. 7.2, the sag corrector is activated and

the speed and DC bus controllers are bypassed. The sag corrector commands athe speed and DC bus controllers are bypassed. The sag corrector commands a

negative torque, Tnegative torque, TSAGSAG, to the IDFOC, for energy conversion. The flywheel was in, to the IDFOC, for energy conversion. The flywheel was in

standby mode, running at 346 rad/s, until t=1.5sec when SD goes high.standby mode, running at 346 rad/s, until t=1.5sec when SD goes high.

Fig. 7.3 shows the flywheel slowing down due to the negative torqueFig. 7.3 shows the flywheel slowing down due to the negative torque

command from 346 rad/s to 318 rad/s. Fig. 7.4 shows the DC bus voltage variationcommand from 346 rad/s to 318 rad/s. Fig. 7.4 shows the DC bus voltage variation

from rated (340V) during energy reversal.from rated (340V) during energy reversal.
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Fig. 7.5 shows the power flow measured into the machine terminals and intoFig. 7.5 shows the power flow measured into the machine terminals and into

the secondary of the series transformer. It shows the response of the power the secondary of the series transformer. It shows the response of the power 

electronic interface during energy reversal.electronic interface during energy reversal.
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Fig. 7.5. Power flow into the machine and static series compensator Fig. 7.5. Power flow into the machine and static series compensator 

Fig. 7.6 shows the per-unit RMS voltage on the critical load side and the SPSFig. 7.6 shows the per-unit RMS voltage on the critical load side and the SPS

side. The RMS voltage on the SPS side was initially at 1.0p.u. A voltage sag of 63%side. The RMS voltage on the SPS side was initially at 1.0p.u. A voltage sag of 63%
is seen lasting for 20 cycles (60Hz). The RMS voltage on the critical load side wasis seen lasting for 20 cycles (60Hz). The RMS voltage on the critical load side was
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corrected to 0.95p.u (5% less from pre-sag voltage). An over voltage of 1.1p.u iscorrected to 0.95p.u (5% less from pre-sag voltage). An over voltage of 1.1p.u is

seen at the end of the sag.seen at the end of the sag.
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Fig. 7.6. RMS voltages measured at the critical load side and SPS sideFig. 7.6. RMS voltages measured at the critical load side and SPS side

Fig. 7.7 and Fig. 7.8 show the phase-to-ground voltages on the SPS side andFig. 7.7 and Fig. 7.8 show the phase-to-ground voltages on the SPS side and

critical load side of the FESS. The FESS responded within 2 cycles to keep thecritical load side of the FESS. The FESS responded within 2 cycles to keep the

critical load voltage within the 5% tolerance (i.e. the sag is corrected to 0.95 per unit,critical load voltage within the 5% tolerance (i.e. the sag is corrected to 0.95 per unit,

not to 1.0 per unit).not to 1.0 per unit).
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Fig. 7.7. Phase to ground voltages on the SPS sideFig. 7.7. Phase to ground voltages on the SPS side
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Fig. 7.8. Phase to ground voltages on the critical load sideFig. 7.8. Phase to ground voltages on the critical load side

The sag correction can be done for 0% tolerance, but it will result in larger The sag correction can be done for 0% tolerance, but it will result in larger 

overvoltages at the end of the sag, with the potential to cause insulation damage. Inovervoltages at the end of the sag, with the potential to cause insulation damage. In
this case, the critical load voltage was regulated below 5% of the nominal.this case, the critical load voltage was regulated below 5% of the nominal.

Fig. 7.9 shows the phase relationship between series injected voltage by theFig. 7.9 shows the phase relationship between series injected voltage by the

VSC on the SPS side and the load current to the critical load. There is no power VSC on the SPS side and the load current to the critical load. There is no power 

injection initially since the injected voltage is in quadrature with line current. Duringinjection initially since the injected voltage is in quadrature with line current. During

voltage sag correction the phase angle is almost in phase thereby allowing energy tovoltage sag correction the phase angle is almost in phase thereby allowing energy to

flow into the shipboard power system.flow into the shipboard power system.



  

6767

-175-175

-105-105

-35-35

3535

105105

175175

11..446  6  11..550  0  11..554  4  11..558  8  11..662  2  11..666  6  11..770  0  11..7744

  

   P   P
   h   h
  a  a
  s  s
  e  e
   A   A
   V   V
  o  o
   l   l   t   t  a  a
  g  g
  e  e
 , ,

   C   C
  u  u
  r  r  r  r
  e  e
  n  n
   t   t
   (   (   V   V
 , ,

   A   A
   )   )

Time sTime s

SeSeriries es ininjejectcted ed vovoltltagage e CrCrititicical al loload ad cucurrrrenentt

Fig. 7.9. Phase A-Ground voltage at the critical load and SPS, injected voltage andFig. 7.9. Phase A-Ground voltage at the critical load and SPS, injected voltage and
Phase A line currentPhase A line current



  

6868

8.0 8.0 CONCLUSIONS CONCLUSIONS AND AND FUTUREWORKFUTUREWORK

8.1 Conclusions8.1 Conclusions

The modeling and analysis of a flywheel energy storage system for voltage sagThe modeling and analysis of a flywheel energy storage system for voltage sag

correction on a shipboard power system has been presented. A control scheme hascorrection on a shipboard power system has been presented. A control scheme has

been proposed for voltage sag correction and energy control. The sag correction isbeen proposed for voltage sag correction and energy control. The sag correction is

based on negative torque command, which is a scaled error of the differencebased on negative torque command, which is a scaled error of the difference

between shipboard power system side of the synchronously rotating reference dqbetween shipboard power system side of the synchronously rotating reference dq

voltage and its reference. An energy control system that regulates the DC busvoltage and its reference. An energy control system that regulates the DC bus

voltage and charges the flywheel has been described. A dq space vector based sagvoltage and charges the flywheel has been described. A dq space vector based sag

detector has been modeled for sag detection. A feed forward control by the sagdetector has been modeled for sag detection. A feed forward control by the sag

detector output which disables the speed and DC bus voltage controller improvesdetector output which disables the speed and DC bus voltage controller improves

the energy storage system performance in mitigating voltage sags.the energy storage system performance in mitigating voltage sags.

The shipboard power system and the power converters were modeled usingThe shipboard power system and the power converters were modeled using

EMTDC, along with the full transient synchronous reference based dq inductionEMTDC, along with the full transient synchronous reference based dq induction

machine and flywheel model. An indirect field oriented controller for the control of machine and flywheel model. An indirect field oriented controller for the control of 

flywheel induction machine was also modeled in EMTDC. The space vector PWMflywheel induction machine was also modeled in EMTDC. The space vector PWM

pulse generator model to generate firing pulses for the flywheel converter waspulse generator model to generate firing pulses for the flywheel converter was

modeled in MATLAB and interfaced to the switching device models in EMTDC. Themodeled in MATLAB and interfaced to the switching device models in EMTDC. The

overall energy management scheme, the sag detector, and the sag corrector wereoverall energy management scheme, the sag detector, and the sag corrector were

all modeled in EMTDC, along with the control scheme for the shipboard power all modeled in EMTDC, along with the control scheme for the shipboard power 

system side VSC.system side VSC.

The response of the energy storage system to a balanced voltage sag wasThe response of the energy storage system to a balanced voltage sag was

presented. The advantage of a dq space vector based sag detector over RMS basedpresented. The advantage of a dq space vector based sag detector over RMS based

sag detector has been shown. The instantaneous voltages are compensated withinsag detector has been shown. The instantaneous voltages are compensated within

2 cycles to keep the voltage tolerance within 5% of rated voltage. The main2 cycles to keep the voltage tolerance within 5% of rated voltage. The main

advantage of this FESS is high power density. It can mitigate long duration voltageadvantage of this FESS is high power density. It can mitigate long duration voltage

sags efficiently.sags efficiently.
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8.2 Future work8.2 Future work

The future work should include more detailed analysis of the control scheme for The future work should include more detailed analysis of the control scheme for 

energy storage system for unbalanced sags and comparison of its performance withenergy storage system for unbalanced sags and comparison of its performance with

a laboratory flywheel interfaced to an analog model power system (AMPS). Thea laboratory flywheel interfaced to an analog model power system (AMPS). The

same approach done for modeling the energy storage system in EMTDC can besame approach done for modeling the energy storage system in EMTDC can be

applied to build a laboratory model.applied to build a laboratory model.

The following figures shows the lab setup that is going to be used in future.The following figures shows the lab setup that is going to be used in future.

Fig. 8.1 shows the analog model power system on the right and flywheel coupledFig. 8.1 shows the analog model power system on the right and flywheel coupled

induction machines on the left.induction machines on the left.

Fig. 8.1. Analog model power systemFig. 8.1. Analog model power system

(From left to right Amit Somani, Ganesh Balasubramanian, Mangapathi Mynam, Dr.Johnson and(From left to right Amit Somani, Ganesh Balasubramanian, Mangapathi Mynam, Dr.Johnson and
Satish Samineni)Satish Samineni)

Fig. 8.2 shows an induction machine, flywheel and DC machine connected toFig. 8.2 shows an induction machine, flywheel and DC machine connected to

the same shaft. The DC machine is used for supplying energy storage systemthe same shaft. The DC machine is used for supplying energy storage system

losses.losses.
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Fig. 8.2. Flywheel coupled induction machineFig. 8.2. Flywheel coupled induction machine

The practical approach is to build and test two separate models: a staticThe practical approach is to build and test two separate models: a static

series compensator and a field oriented control AC drive, the same strategy that wasseries compensator and a field oriented control AC drive, the same strategy that was

followed in EMTDC modeling. A static series compensator can be built and tested byfollowed in EMTDC modeling. A static series compensator can be built and tested by

replacing the field oriented control AC drive with a DC source. Similarly a fieldreplacing the field oriented control AC drive with a DC source. Similarly a field

oriented control AC drive can be built by replacing the static series compensator withoriented control AC drive can be built by replacing the static series compensator with

a DC source. Upon successful completion of this testing, they can be integrated anda DC source. Upon successful completion of this testing, they can be integrated and

tested with the proposed outer control system. The laboratory results will betested with the proposed outer control system. The laboratory results will be

compared with the simulation results and the flywheel energy storage systemcompared with the simulation results and the flywheel energy storage system

performance can be analyzed.performance can be analyzed.

There are several challenges that might arise during practical implementation,There are several challenges that might arise during practical implementation,

especially software coding for controlling the power converters, parameter especially software coding for controlling the power converters, parameter 

dependancy of indirect field oriented controller and designing tests for obtainingdependancy of indirect field oriented controller and designing tests for obtaining

induction machine parameters, filter design and series transformer design.induction machine parameters, filter design and series transformer design.
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The EMTDC models developed in this thesis could be used as a starting pointThe EMTDC models developed in this thesis could be used as a starting point

to investigate the following:to investigate the following:

••   Flywheel energy Flywheel energy storage system storage system performance with performance with a a flux observer flux observer in in the indirectthe indirect

field oriented controller. A flux observer eliminates the parameter dependancy of field oriented controller. A flux observer eliminates the parameter dependancy of 

indirect field oriented controller thus improving the performance of the controlindirect field oriented controller thus improving the performance of the control

system.system.

••   Performance analysis Performance analysis of a of a flywheel energy flywheel energy storage system storage system for voltage for voltage swellswell

correction on ungrounded systems. The energy storage system can be used for correction on ungrounded systems. The energy storage system can be used for 

mitigating swells in a fashion similar to that for mitigating voltage sags by simplymitigating swells in a fashion similar to that for mitigating voltage sags by simply

adding a swell detector.adding a swell detector.

••   An adaptive An adaptive flywheel energy flywheel energy storage system storage system that can that can switch from switch from static seriesstatic series

compensator during sag/swell corrections to static shunt compensator for compensator during sag/swell corrections to static shunt compensator for 

mitigating interruptions. The static shunt compensator with energy storagemitigating interruptions. The static shunt compensator with energy storage

system then acts as a UPS. This adaptive energy storage system is an efficientsystem then acts as a UPS. This adaptive energy storage system is an efficient

way for mitigating sags, swells and interruptions as it uses the combinedway for mitigating sags, swells and interruptions as it uses the combined

advantages of static series compensator and static shunt compensator.advantages of static series compensator and static shunt compensator.

••   The static The static series compensator series compensator can act can act as an as an active filter active filter for mitigating voltagefor mitigating voltage

harmonics. An analysis should be performed on the tradeoffs between sagharmonics. An analysis should be performed on the tradeoffs between sag

correction and harmonic correction.correction and harmonic correction.

••   Modeling and Modeling and analysis of analysis of a a Static Synchronous Static Synchronous Series Compensator Series Compensator (SSSC) (SSSC) for for 

power flow applications. SSSC is used for controlling the transmission linepower flow applications. SSSC is used for controlling the transmission line

loading, thereby improving the transmission capacity. In other words it can makeloading, thereby improving the transmission capacity. In other words it can make

a line look shorter or longer thereby increasing or decreasing the real power a line look shorter or longer thereby increasing or decreasing the real power 

transfer capability. With energy storage, a SSSC can be used for improvingtransfer capability. With energy storage, a SSSC can be used for improving

transient stability and damping power oscillations.transient stability and damping power oscillations.

••   Implementation of a Implementation of a dynamically varying torque dynamically varying torque limiter in the limiter in the proposed sagproposed sag

corrector that limits the Tcorrector that limits the TSAGSAG value depending on the amount of energy available value depending on the amount of energy available

for discharge and stability of the storage system.for discharge and stability of the storage system.
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APPENDIX AAPPENDIX A

10.1 Three phase variable representation of induction machine voltage10.1 Three phase variable representation of induction machine voltage

equationsequations

The stator and rotor circuit voltage equations of an induction machine can beThe stator and rotor circuit voltage equations of an induction machine can be

conveniently written in matrix form:conveniently written in matrix form:

vvabcsabcs    r r ss i iabcsabcs⋅⋅    pp λ λabcsabcs⋅⋅++   10.1  10.1( ( ))

0 0 r r r r  i iabcr abcr ⋅⋅    pp λ λabcr abcr ⋅⋅++   10.2  10.2( ( ))

wherewhere  p p   isis d/dt d/dt   and v  and vabcsabcs, , iiabcsabcs  and  and λλabcsabcs  (stator voltage, stator current and  (stator voltage, stator current and

stator flux in abc reference) are 3X1 vectors defined by:stator flux in abc reference) are 3X1 vectors defined by:

vvabcsabcs

vvasas

vv bs bs

vvcscs

  



  

  



  

iiabcsabcs

iiasas

ii bs bs

iicscs

  



  

  



  

λλabcsabcs

λλasas

λλ bs bs

λλcscs

  

  




  

  

  




  

10.310.3( ( ))

The rotor variables iThe rotor variables iabcrabcr andand λλabcr abcr  are similar. are similar.

The stator and rotor circuits have inductive coupling, so the flux linkages can beThe stator and rotor circuits have inductive coupling, so the flux linkages can be

written in terms of machine currents as follows:written in terms of machine currents as follows:

λλabcsabcs    λλssss    λλsr sr ++   10.4  10.4( ( ))

λλabcr abcr     λλrsrs    λλrr rr ++   10.5  10.5( ( ))

where:where:
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λλssss

LLasas

LLabsabs

LLacsacs

LLabsabs

LL bs bs

LL bcs bcs

LLacsacs

LL bcs bcs

LLcscs

  



  

  



  

iiabcsabcs⋅⋅
10.610.6( ( ))

λλsr sr 

LLasar asar 

LL bsar  bsar 

LLcsar csar 

LLasbr asbr 

LL bsbr  bsbr 

LLcsbr csbr 

LLascr ascr 

LL bscr  bscr 

LLcscr cscr 

  



  

  



  

iiabcr abcr ⋅⋅
10.710.7( ( ))

λλrsrs

LLasas

LLabsabs

LLacsacs

LLabsabs

LL bs bs

LL bcs bcs

LLacsacs

LL bcs bcs

LLcscs

  



  

  



  

iiabcsabcs⋅⋅
10.810.8( ( ))

λλrr rr 

LLar ar 

LLabr abr 

LLacr acr 

LLabr abr 

LL br  br 

LL bcr  bcr 

LLacr acr 

LL bcr  bcr 

LLcr cr 

  



  

  

 i iabcr abcr ⋅⋅   10.9  10.9( ( ))

Note, the mutual inductances between stator and rotor windings areNote, the mutual inductances between stator and rotor windings are

dependent on the rotor positiondependent on the rotor position θθr r , so, so λλsr sr  and and λλrsrs are functions of are functions of θθr r ..
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10.2 Space vector representation of induction machine voltage equations10.2 Space vector representation of induction machine voltage equations

The stator and rotor circuit equations of an induction machine can be convenientlyThe stator and rotor circuit equations of an induction machine can be conveniently

written in space vector form as:written in space vector form as:

vvabcsabcs    r r ss i iabcsabcs⋅⋅    pp λ λabcsabcs⋅⋅++   10.10  10.10( ( ))

0 0 r r r r  i iabcr abcr ⋅⋅    pp λ λabcr abcr ⋅⋅++   10.11  10.11( ( ))

wherewhere

vvabcsabcs
22

33
vvasas    αα   vv bs bs⋅⋅+ + αα

22
vvcscs⋅⋅++⋅⋅   10.12  10.12( ( ))

andand αα is a is a 120120

00

operator (1.0eoperator (1.0e

 j120deg j120deg

) . Similarly for i) . Similarly for iabcsabcs, v, vabcr abcr  and i and iabcr.abcr.

This approach helps in representing the induction machine voltage equationsThis approach helps in representing the induction machine voltage equations

in a compact form. However the mutual inductances between stator and rotor in a compact form. However the mutual inductances between stator and rotor 

windings are still dependent on the rotor positionwindings are still dependent on the rotor position θθr r , so, so λλsr sr  and and λλrsrs are still functions are still functions

ofof θθr r ..

10.3 Stationary DQ reference frame representation of induction machine10.3 Stationary DQ reference frame representation of induction machine

voltage equationsvoltage equations

The stator and rotor circuit equations of an induction machine can be convenientlyThe stator and rotor circuit equations of an induction machine can be conveniently

written as stationary DQ reference variables in the form:written as stationary DQ reference variables in the form:

vvqdsqds
ss

r r ss i iqdsqds
ss⋅⋅    pp λ λqdsqds

ss
⋅⋅++   10.13  10.13( ( ))

0 0 r r r r  i iqdr qdr 
ss⋅⋅    pp λ λqdr qdr 

ss
⋅⋅++    jj ω ωr r ⋅ ⋅ λλqdr qdr 

ss
⋅⋅−−   10.14  10.14( ( ))
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wherewhere

vvqdsqds
ss

vvqsqs
ss

 j v j vdsds
ss⋅⋅−−

iiqdsqds
ss

iiqsqs
ss

 j i j idsds
ss

⋅⋅−−

λλqdsqds
ss

λλqsqs
ss

 j j λ λdsds
ss

⋅⋅−−

10.1510.15( ( ))

iiqdr qdr 
ss

iiqr qr 
ss

 j i j idr dr 
ss⋅⋅−−

λλqdr qdr 
ss

λλqr qr 
ss

 j j λ λdr dr 
ss

⋅⋅−−

This assumes that vThis assumes that vqdr qdr 
ss is zero (secondary short circuited). is zero (secondary short circuited).

The electromagnetic torque can be calculated using:The electromagnetic torque can be calculated using:

TTee
33

22

PP

22

  

  

  
  
  

⋅⋅    Im Im iiqdr qdr 
ss λλqdr qdr 

ss
⋅⋅

  
  

  
  ⋅⋅   10.16  10.16( ( ))

where P is the number of stator poles.where P is the number of stator poles.

The torque can be calculated from a combination of any of the variables discussedThe torque can be calculated from a combination of any of the variables discussed

above. Equation (10.16) is one possible form.above. Equation (10.16) is one possible form.

Then the rotor angular velocity,Then the rotor angular velocity, ωωr r  can be calculated using: can be calculated using:

TTee    TTLL
22

PP
J pJ p⋅ ⋅ ωωr r ⋅⋅++   10.17  10.17( ( ))

where Twhere TLL is the load torque, J is the inertia of the rotor. is the load torque, J is the inertia of the rotor.
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10.4 Synchronous DQ reference frame representation of induction machine10.4 Synchronous DQ reference frame representation of induction machine

voltage equationsvoltage equations

The stator and rotor circuit equations of an induction machine can be convenientlyThe stator and rotor circuit equations of an induction machine can be conveniently

written in stationary DQ reference variables form:written in stationary DQ reference variables form:

vvqdsqds    r r ss i iqdsqds⋅⋅    pp λ λqdsqds⋅⋅++    jj ω ωee⋅ ⋅ λλqdsqds⋅⋅++   10.18  10.18( ( ))

0 0 r r r r  i iqdr qdr ⋅⋅    pp λ λqdr qdr ⋅⋅++    jj    ωωee    ωωr r −−( ( ))⋅ ⋅ λλqdr qdr ⋅⋅++   10.19  10.19( ( ))

andand

λλqdsqds    LLss i iqdsqds⋅⋅    LLmm i iqdr qdr ⋅⋅++
10.2010.20( ( ))

λλqdr qdr     LLr r  i iqdr qdr ⋅⋅    LLmm i iqdsqds⋅⋅++
10.2110.21( ( ))

λλqdmqdm    LLmm    iiqdsqds    iiqdr qdr ++( ( ))⋅⋅
10.2210.22( ( ))

LLss and L and Lr r  are given by: are given by:

LLss    LLlsls    LLmm++    LLr r     LLlr lr     LLmm++   10.23  10.23( ( ))

where Lwhere Llsls and L and Llr lr   are leakage reactances of stator and rotor respectively and L are leakage reactances of stator and rotor respectively and Lmm   isis

magnetizing inductance. Then the electromagnetic torque can be calculated using:magnetizing inductance. Then the electromagnetic torque can be calculated using:

TTee
33

22

PP

22

  

  

  
  
  

⋅⋅    LLmm⋅⋅    Im Im iiqdsqds i iqdr qdr ⋅⋅( ( ))⋅⋅

10.2410.24( ( ))

TTee
33

22

PP

22

  

  

  
  
  

⋅⋅
LLmm

LLr r 

⋅⋅    Im Im iiqdsqds λ λqdr qdr ⋅⋅( ( ))⋅⋅
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10.5 State space flux equations for modeling induction machine10.5 State space flux equations for modeling induction machine

The following procedure gives an introduction for deriving state space flux equationsThe following procedure gives an introduction for deriving state space flux equations

useful for modeling induction machines.useful for modeling induction machines.

Consider a Q-axis based form of equation (10.18)Consider a Q-axis based form of equation (10.18)

vvqsqs    r r ss i iqsqs⋅⋅    pp λ λqsqs⋅⋅+ + ωωee λ λqsqs⋅⋅++   10.25  10.25( ( ))

Consider a Q-axis based form of equations (10.20) and (10.21)Consider a Q-axis based form of equations (10.20) and (10.21)

λλqsqs    LLss i iqsqs⋅⋅    LLmm i iqr qr ⋅⋅++
10.2610.26( ( ))

λλqr qr     LLr r  i iqr qr ⋅⋅    LLmm i iqsqs⋅⋅++
10.2710.27( ( ))

Rearranging equations (10.26) and (10.27) for iRearranging equations (10.26) and (10.27) for iqsqs, i, iqr qr  results in: results in:

iiqsqs

λλqsqs    LLmm i iqr qr ⋅⋅−−

LLss

10.2810.28( ( ))

10.2910.29( ( ))
iiqr qr 

λλqr qr     LLmm i iqsqs⋅⋅−−

LLr r 

Substituting equation (10.29) in (10.28) and rearranging:Substituting equation (10.29) in (10.28) and rearranging:
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iiqsqs

λλqsqs    LLmm

λλqr qr     LLmm i iqsqs⋅⋅−−

LLr r 

  

  

  

  

  
⋅⋅−−

LLss

λλqsqs    LLmm

λλqr qr 

LLr r 

⋅⋅−−
LLmm

22

LLr r 

iiqsqs⋅⋅++

LLss

10.3010.30( ( ))

iiqsqs σ σ⋅⋅
λλqsqs

LLss

LLmm

LLss L Lr r ⋅⋅
   λλqr qr ⋅⋅−−

iiqsqs

λλqsqs

σσ  LLss⋅⋅

LLmm

LLss L Lr r ⋅ ⋅ σσ⋅⋅
   λλqr qr ⋅⋅−−    LLr r  λ λqsqs⋅⋅    LLmm λ λqr qr ⋅⋅−−( ( ))

   11

LLss L Lr r ⋅ ⋅ σσ⋅⋅
⋅⋅

wherewhere

σσ    11
LLmm

22

LLss L Lr r ⋅⋅
−−

10.3110.31( ( ))

substituting the simplified form of (10.30) in (10.25), results in:substituting the simplified form of (10.30) in (10.25), results in:

 p p λ λqsqs⋅⋅    vvqsqs    LLr r  λ λqsqs⋅⋅    LLmm λ λqr qr ⋅⋅−−( ( ))
   r r ss

LLss L Lr r ⋅ ⋅ σσ⋅⋅
⋅⋅+ + ωωee λ λdsds⋅⋅−−

10.3210.32( ( ))

The same procedure can be applied for deriving state space flux equationsThe same procedure can be applied for deriving state space flux equations

forfor λλdsds,, λλqr qr  and and λλdr dr ..
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10.6 Indirect field oriented controller equations10.6 Indirect field oriented controller equations

The objective for field oriented control is to zero out the flux linkage along theThe objective for field oriented control is to zero out the flux linkage along the

q-axis, so:q-axis, so:

λλqr qr     0  0  1100..3333( ( ))

Substituting equation (10.33) in equations (10.19) and separating it in q and d formsSubstituting equation (10.33) in equations (10.19) and separating it in q and d forms

results in:results in:

  

0 0 r r r r  i iqr qr ⋅ ⋅ ωωee    ωωr r −−( ( ))   λλdr dr ⋅⋅++   10.34  10.34( ( ))

0 0 r r r r  i idr dr ⋅⋅    pp λ λdr dr ⋅⋅++   10.35  10.35( ( ))

Similarly substituting equation (10.33) in equation (10.21) and writing it in q formSimilarly substituting equation (10.33) in equation (10.21) and writing it in q form

separately:separately:

λλqr qr     LLmm i iqsqs⋅⋅    LLr r  i iqr qr ⋅⋅++    0  0  1100..3366( ( ))

Similarly substituting equation (10.33) in flux linkage form for torque in equationSimilarly substituting equation (10.33) in flux linkage form for torque in equation

(10.24):(10.24):

TTee
33

22

PP

22

  
  

  
  ⋅⋅

LLmm

LLr r 
⋅⋅    iiqsqs λ λdr dr ⋅⋅( ( ))⋅⋅   10.37  10.37( ( ))

Using equations (10.34) and (10.36) for slip angular velocity expression:Using equations (10.34) and (10.36) for slip angular velocity expression:



  

8181

iiqr qr 

LLmm

LLr r 

−−    iiqsqs⋅⋅   10.38  10.38( ( ))

ωωee    ωωr r −−    SS ω ωee⋅ ⋅ ωωslsl

r r r r  i iqr qr ⋅⋅

λλdr dr 

−−   10.39  10.39( ( ))

ωωslsl

r r r r  L Lmm⋅⋅    iiqsqs⋅⋅

LLr r  λ λdr dr ⋅⋅
  10.40  10.40( ( ))

Using the d form of equation (10.21) and simplifying:Using the d form of equation (10.21) and simplifying:

λλdr dr     LLr r  i idr dr ⋅⋅    LLmm i idsds⋅⋅++   10.38  10.38( ( ))

λλdr dr     LLr r 

 p p λ λ
dr dr 

⋅⋅

r r r r 
−−

  

  

  

  

  
⋅⋅    LLmm i idsds⋅⋅++ 10.3910.39( ( ))

λλdr dr 

LLmm i idsds⋅⋅

11    ττr r  p p⋅⋅++
  10.40  10.40( ( ))

wherewhere

ττr r 

LLr r 

r r 
r r 

10.4110.41( ( ))

Using the q form of equation (10.20) and simplifying:Using the q form of equation (10.20) and simplifying:

λλqsqs    LLss i iqsqs⋅⋅    LLmm i iqr qr ⋅⋅++    LLss    11
LLmm

22

LLss L Lr r ⋅⋅
−−

  

  

  

  

  
iiqsqs⋅ ⋅ σσ  LLss⋅⋅    iiqsqs⋅⋅   10.42  10.42( ( ))



  

8282

Using the d form of equation (10.20) and simplifying:Using the d form of equation (10.20) and simplifying:

λλdsds    LLss i idsds⋅⋅    LLmm i idr dr ⋅⋅++

λλdsds    LLss i idsds⋅⋅    LLmm

 p p λ λ dr dr ⋅⋅

r r r r −−

  

  

  

  

  ⋅⋅++

λλdsds    LLss i idsds⋅⋅    LLmm

 p p
LLmm i idsds⋅⋅

11    ττr r  p p⋅⋅++

  

  

  

  

  
⋅⋅

r r r r 

−−





  







  


⋅⋅++

10.4310.43( ( ))
λλdsds    LLss i idsds⋅⋅

ττr r  L Lmm
22⋅⋅    pp⋅⋅    iidsds⋅⋅

11    ττr r  p p⋅⋅++( ( ))   LLr r ⋅⋅
−−

λλdsds    LLss    11
11    σσ−−( ( ))   ττr r ⋅⋅    pp⋅⋅

11    ττr r  p p⋅⋅++
−−



  





  


iidsds⋅⋅

λλdsds    LLss

11    σ σ ττr r ⋅⋅    pp⋅⋅++

11    ττr r  p p⋅⋅++

  

  

  

  
iidsds⋅⋅

Using equation (10.37) and (10.40):Using equation (10.37) and (10.40):

iiqsqs
44

3 P3 P⋅⋅

LLr r 

LLmm

⋅⋅
TTee

λλdr dr 

⋅⋅   10.44  10.44( ( ))

iidsds

11    ττr r  p p⋅⋅++

LLmm

λλdr dr ⋅⋅
10.4510.45( ( ))
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APPENDIX BAPPENDIX B

EMTDC/PSCAD diagramsEMTDC/PSCAD diagrams

The following figures show the PSCAD/EMTDC diagrams of a flywheel energyThe following figures show the PSCAD/EMTDC diagrams of a flywheel energy

storage system model. The PSCAD/EMTDC implementation of models discussed instorage system model. The PSCAD/EMTDC implementation of models discussed in

Chapters 4, 5 and 6 are shown in this chapter.Chapters 4, 5 and 6 are shown in this chapter.

11.1 Flywheel energy storage system electrical model11.1 Flywheel energy storage system electrical model

Fig. 11.1 shows the PSCAD/EMTDC layout of the flywheel energy storage systemFig. 11.1 shows the PSCAD/EMTDC layout of the flywheel energy storage system

electrical model. Fig. 11.1 was split at the common DC link, into Fig. 11.2 and Fig.electrical model. Fig. 11.1 was split at the common DC link, into Fig. 11.2 and Fig.

11.3 for clarity.11.3 for clarity.
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11.2 Flywheel energy storage system electrical model11.2 Flywheel energy storage system electrical model
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Fig. 11.3. Field oriented control AC drive modelFig. 11.3. Field oriented control AC drive model
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11.3 Flywheel energy storage inner and outer control system and data models11.3 Flywheel energy storage inner and outer control system and data models
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11.4 Space vector PWM pulse generator model11.4 Space vector PWM pulse generator model
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11.5 Sag detector and corrector 11.5 Sag detector and corrector 
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11.6 Sinusoidal PWM pulse generator model11.6 Sinusoidal PWM pulse generator model
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11.7 Technical data11.7 Technical data

Table Table 11.1 11.1 Technical Technical datadata

SShhiippbbooaarrd d PPoowweer r ssyysstteemm 33PPhh, ,  448800VV, ,  6600HHzz, ,  5500kkVVAA

SSeerriiees  s  TTrraannssffoorrmmeerr 448800//448800VV,  ,  5500kkVVAA,  ,  1100%%

LC FiltersLC Filters 10mH, 2010mH, 20µµFF
Critical LoadCritical Load Passive, 3Ph-Resistive load, 10Passive, 3Ph-Resistive load, 10ΩΩ
Other LoadsOther Loads Passive, 3Ph-RL load, 5Passive, 3Ph-RL load, 5ΩΩ, 10mH, 10mH

Line Impedance to other loadsLine Impedance to other loads 0.20.2ΩΩ, 1mH, 1mH

DC BusDC Bus 340V, 2X1000340V, 2X1000µµF center tappedF center tapped

FFllyywwhheeeel  l  IInneerrttiiaa 00..99111  1  kkgg--mm22

Induction MachineInduction Machine
240V, 60Hz, 23.8A, 10hp, 4pole and240V, 60Hz, 23.8A, 10hp, 4pole and
1755RPM1755RPM

SSVVPPWWM sM swwiittcchhiinng fg frreeqquueennccyy 11kkHHzz

SSPPWWM M sswwiittcchhiinng g ffrreeqquueennccyy 1100..88kkHHzz
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11.8 Induction machine parameters (Courtesy Dr. Joseph D. Law)11.8 Induction machine parameters (Courtesy Dr. Joseph D. Law)

R R ss   0.162  0.162ΩΩ:=:=    R R r r    0.317  0.317ΩΩ:=:=

ωωee   376.99112  376.99112
   radrad

ss
:=:=

LLmm   0.05  0.05367367HH:=:=    LLlsls    0.001299 0.001299 HH:=:=    LLlr lr     0.001949 0.001949 HH:=:=

LLss    LLlsls    LLmm++:=:=    LLr r     LLlr lr     LLmm++:=:=

LLss   0.05  0.05497497HH:=:=    LLr r    0.05  0.05562562HH:=:=

λλ
drrateddrrated

   0.50740.50748 8 WbWb⋅⋅:=:=

P P 44:=:=

JJindind    0.0.080899kg kg mm
22

⋅⋅:=:=    JJflywheelflywheel    0.0.919111kg kg mm
22

⋅⋅:=:=

JJtottot    JJindind    JJflywheelflywheel++:=:=

JJtottot    1.1.0kg 0kg mm
22

⋅⋅:=:=
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11.9 Fortran file for MATLAB interface component11.9 Fortran file for MATLAB interface component

#STORAGE REAL:8#STORAGE REAL:8

#DEFINE INTEGER I_CNT#DEFINE INTEGER I_CNT

   IF($Enabl.GT.0.9) IF($Enabl.GT.0.9) THENTHEN

   DO DO I_CNT=1,4,1I_CNT=1,4,1

   STORF(NSTORF+I_CNT-1) STORF(NSTORF+I_CNT-1) = = $In(I_CNT)$In(I_CNT)

   END END DODO

   CALL CALL MLAB_INT("$Path", MLAB_INT("$Path", "$Name", "$Name", "R(4)" "R(4)" , , "R(4)" "R(4)" ))

   DO DO I_CNT=1,4,1I_CNT=1,4,1

   $Out(I_CNT) $Out(I_CNT) = = STORF(NSTORF+4+I_CNT-1)STORF(NSTORF+4+I_CNT-1)

   END END DODO

  ENDIF  ENDIF

 NSTORF = NSTORF + 8 NSTORF = NSTORF + 8

11.10 MATLAB program11.10 MATLAB program

function [T] = SVPWMfuncnew (in)function [T] = SVPWMfuncnew (in)

global x Tz Vs Viglobal x Tz Vs Vi

x=in(1);x=in(1);

Tz=in(2);Tz=in(2);

Vs=in(3);Vs=in(3);

Vi=in(4);Vi=in(4);

if (x >= 0) & (x <= pi/3)if (x >= 0) & (x <= pi/3)
  k=0;  k=0;

   T= T= SVP(k,x,Tz,Vs,Vi);SVP(k,x,Tz,Vs,Vi);

  T(4)=1.0;  T(4)=1.0;

 elseif (x >= pi/3) & (x <= 2*pi/3) elseif (x >= pi/3) & (x <= 2*pi/3)

  k=pi/3;  k=pi/3;

   T= T= SVP(k,x,Tz,Vs,Vi);SVP(k,x,Tz,Vs,Vi);

  T(4)=2.0;  T(4)=2.0;

 elseif (x >= 2*pi/3) & (x <= pi) elseif (x >= 2*pi/3) & (x <= pi)

  k=2*pi/3;  k=2*pi/3;

   T= T= SVP(k,x,Tz,Vs,Vi);SVP(k,x,Tz,Vs,Vi);

  T(4)=3.0;  T(4)=3.0;

 elseif (x >= pi) & (x <= 4*pi/3) elseif (x >= pi) & (x <= 4*pi/3)

  k=pi;  k=pi;
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   T= T= SVP(k,x,Tz,Vs,Vi);SVP(k,x,Tz,Vs,Vi);

  T(4)=4.0;  T(4)=4.0;

 elseif (x >= 4*pi/3) & (x <= 5*pi/3) elseif (x >= 4*pi/3) & (x <= 5*pi/3)

  k=4*pi/3;  k=4*pi/3;

   T= T= SVP(k,x,Tz,Vs,Vi);SVP(k,x,Tz,Vs,Vi);

  T(4)=5.0;  T(4)=5.0;

 elseif (x >= 5*pi/3) elseif (x >= 5*pi/3)
  k=5*pi/3;  k=5*pi/3;

   T= T= SVP(k,x,Tz,Vs,Vi);SVP(k,x,Tz,Vs,Vi);

  T(4)=6.0;  T(4)=6.0;

endend

function [T] = SVP(k,x,Tz,Vs,Vi)function [T] = SVP(k,x,Tz,Vs,Vi)

if (x >= k) & (x <= (k+pi/6))if (x >= k) & (x <= (k+pi/6))

  T(1)=(sqrt(3))*(Vs/Vi)*Tz*sin(k+(pi/3)-x);  T(1)=(sqrt(3))*(Vs/Vi)*Tz*sin(k+(pi/3)-x);
   if if T(1) T(1) > > TzTz

   T(1)=Tz; T(1)=Tz; T(2)=0; T(2)=0; T(3)=0;T(3)=0;

  else  else

  T(2)=(sqrt(3))*(Vs/Vi)*Tz*sin(x-k);  T(2)=(sqrt(3))*(Vs/Vi)*Tz*sin(x-k);

   if if (T(1)+T(2)) (T(1)+T(2)) > > TzTz

   T(2)=Tz-T(1); T(2)=Tz-T(1); T(3)=0;T(3)=0;

  else  else

  T(3)=Tz-(T(1)+T(2));  T(3)=Tz-(T(1)+T(2));

   endend

   endend

  else  else

  T(2)=(sqrt(3))*(Vs/Vi)*Tz*sin(x-k);  T(2)=(sqrt(3))*(Vs/Vi)*Tz*sin(x-k);

   if if T(2) T(2) > > TzTz
   T(2)=Tz; T(2)=Tz; T(1)=0; T(1)=0; T(3)=0;T(3)=0;

  else  else

  T(1)=(sqrt(3))*(Vs/Vi)*Tz*sin(k+(pi/3)-x);  T(1)=(sqrt(3))*(Vs/Vi)*Tz*sin(k+(pi/3)-x);

   if if (T(1)+T(2)) (T(1)+T(2)) > > TzTz

   T(1)=Tz-T(2); T(1)=Tz-T(2); T(3)=0;T(3)=0;

  else  else

  T(3)=Tz-(T(1)+T(2));  T(3)=Tz-(T(1)+T(2));

   endend

   endend

endend


