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ABSTRACT

Gas turbinesynchronousgenerator(GT-SG) systens are the main source of power and
propulsion onboard most naval ships. Since this system plays a vital role in accomphishing
ships mission, a lot of testing is conducted to ensure that the system iordibal ship in which
it is to be installedTesting of such systems is very expensinved complicatedThese systems
are very large in size and require a very large testing facility forggoralso, it is a very
compliaated and high maintenance systemherefore,it requires a lot of personndbr
maintenance which further increases the tooat.

Finding ways to reduce the cost and total amount of waste for tebisg systemss
essential for the datp-day operation of the United States Nauvihey have invested and
continue to invest large sums of moneyesearch which concentrates finding reliable testing
models which can potentially reduce the current cost and waste of testing siechssy

The Enegy Conversion and Integratiomust (ECI) at the Center for Advanced Power
Systems of Florida State University has developedL®L test ed This test bedshown in
Appendix A,is comprised of real hardware developed converters for testing the Naw's All
ElectricShip (AES) proposed power systertt is usal to perform various tests on control and
stability under the expected ndinear loads setting of the Nagyveapons systems. It can also
be used to explore other research topics related to distributed power systems anelatéuer
hardware ésts.The incorporation of this test bed is part of the next phase of this wiadh
includes PHIL testing of the systefRHIL involves the use of incorporating physical power
hardware to a simulation while CHIL refers to physically involving a odietrwith a simulated
environment. BotHorms of HIL allow for more irdepth validation techniques by actually
involving the real hardware in simulatiofi]. In this CHIL methodology, the simulated
environment involves a retime component model of the NLDL test bed where all parameters
and components have been modeled to be an exact replica of the actual test bed if*a RTDS
system. The controller part of the CHIL involves the actual model of th8 & $ystem whicks
computedn real time utilizing a RPC. In this particular work, the RPC is a dSPR@Rit. The
CHIL methodology lays out the ground work and provides a linkHe future implementation
of PHIL. The CHIL method allows for testing of all communication links between theviaaed
Therefore, once all the systems are tested and are operatibeahardware simulated
environment can be replaced with the actual hardofaiee NLDL test bed

Xii



As stated, this NLDL test bed is comprised of several p@estronics converters such as
Active-FrontEnd (AFE), Inverter (INV), and Neutridoint-Clamp (NCP).The CHIL simulated
hardware environment provides an exact replica of this test beid agpleat testing moddbr
such a systenThe purpose of this thesis is to utilize the AFE and INV to emulate th@&T
system, and to provide a translation/duality between th&GBystem variables (torque, speed,
voltage, and current) and theFE-INV system variablegvoltages and currentghrough the
emulation methodologies.

In this work, two methods which can be utilized to emulate @GMySG systemoperation in a
wide range of steady state, dynamic, and transient perforniaraeeghthe use othesepower
electronics converters, regardless of power lewigiout loss of generalityare presentedThe
dynamic equations of the GT and SG are utilized to construct their models, amgpl@raented
in MATLAB/Simulink®. The AFE is utilized to conduct the GT emulation and the INV is
utilized to conduct the SG emulatioGontrols are saip for the GTSG model and theontrol
signals areusedto provide the switching commands for the AFE and INV, respectively, to
perform the emulationParametetranslationduality between the GBG model and the ARE
INV model arealso provided.

For the purpose of this work, the &IG system studies and emulation are conducted in the
distributed generation power levels. This wadnivill be expanded tanclude the shig main

distribution powetevels as part of the future work.
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CHAPTER ONE

INTRODUCTION, MOTIVATION AND ORGANIZATIO N

1.1Introduction

GT-SG system testing is a very expensive, time consuming, and complicated process. |
requires a lot of maintenance, space and personnel in order to test a single Bgstémited
States Navy has invested a lot of money and resources in research of sunk Bystiorts to
find simpler, cheaper, and yet very reliable solutions. The research eHogs from system
modeling in various softwasd¢o small scale system development on actual hardware for testing
purposesin an effort to aid and find solutiorte these problems, the ECI trust at the Florida
State University Center for Advanced Power Systems (FSOAPS) developed a NLDL test
bed to study the mediumoltage directcurrent (MVDC) ship power system of the AES
illustrated in Figure 1.1.The work d this thesisfocuses on providing a cheaper, less
complicated, more compact, and lower maintenance solution {8 &$ystem testing which is
achievable by conducting G3G system emulation via the use of the power electronics
converters available on the NLDL test bed.

Generator system emulation is a practice in which a generator system comgistipgme
mover and electric generatis virtually simulated in reaime and emulated on real hardware
via a controllable voltage/current source. Generatorul&ion is a new concept in
simulation/verification with much room for research and development for various ajoig:

The implementation of such a procedure coupled with a real distributed systemadesrdde
possibility of a wide range of systertudies. In using such a practice, this eliminates the need of
physically involving the generator system in testing or development of tehiategies which
brings about many advantages and possibilifigs

In [1], a realtime high speeghermanent magnaeneratofPMG) system emulation sty
using HIL was conducted. Here, only the generator output voltage and current were cemulate
The GT steadigtate and dynamics characteristics were not considered. Additian&MG was
utilized as part of the system and an FPGA was utilized to petioemealtime emulation. This

thesis aims to provide both the GT and the SG emulations, and are both achieved without the

1



need of a FPGA. Ifi2], a synchronous motor was controlled to emulate the stetadg and
dynamic characteristics ofGT engine. Here, the emulator system consisted of vector controlled
synchronous motor (SM) thgets it speed reference from a model &Taengine. This is rather

a complicated and less adaptable system, since one of the most importanh dietegood
parameter matching is that the speed response of the SM is faster than tsp&@iBe even if

the natural response of the synchronous motor is slower. More power must be suppli€llio the
emulator in order for this to happen. Therefore, a power criterion for selectelganc motor

to emulate the characteristics oG prime mover must be €ieed in terms of the inertia ratio,

rotating losses and the load torque [3].
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Figure 1.1: Notional MVDC ship power systei]



This work focuses on conducting the €&5G system emulation via simulation of both the
GT-SG system and th&FE-INV system. The AFE is utilized to emulate the §&adystate and
dynamic responsewvhile the INV is used to emulate the Steadystate and dynamic responses
In order to achieve thiparameter translation/duality between the two systems must be achieved.
The design, implementation and results of the systisign which achieves the &G

emulation is described and analyzed.

1.2 Motivation and Contributions

In order to meet the needs of future ship designs, the Navy is evolving its current medium
voltage, 60 Hz Integrated Power System (IPS) by the definition of the Neméer&ion
Integrated Power (NGIPS) master plan. This system technology intends topdposver
generation modules in three power ranges, namely: a low power leB®&D, a medium
power level (1015MW) and a main propulsion power level {20MW) [2]. The FSU- CAPS
has built an experimental NLDL test bed to address the MVDC distribution systém aft
electrieship. The test bed consists of an AFE, INV, and NPC power electronics converters
equipped with Digital Signal Controllers (0% Field Programmable Gate Arrays (FPGA) and
their various protection components and accessories. A simulation model of the Nitede
has been built, tested, and verified.

The MVDC system, illustrated in Figure 1.1, carries the same characgeata distributed
generation system in that it is small scale and not tied into a large grid systenrMVT&
system also uses many power electronic converters and is subject to largeldeadimat need
to be analyzed and studied in the most realistic environment possible. By usingi@enerat
emulation, the effects of the ndinear loads and the switching of the power converters can be
readily studied on the specific generator, as well as the system as a whaig. gélserator
emulation for studies omé MVDC system leads to a more realistic approach to investigation of
the MVDC systemand allows for new control strategies to be readily tested in a much more
practical atmosphere involving a real system in hardyigre

The focus of this thesis is to develop and introduce two methods-&@&3ystem emulation
usingan AFE and INV power electronics converters systand to provide duality between

these two systems' parameters which can be utilizdsbfolwarein-thedoop (HIL) studiesHIL



refers to a form of simulation in which a particular hardware component intexgtisa
simulated environment or a mathematical model. Advanced simulatiorvésviiie use of real

time models and HIL interface to take validation efforts one step furthehwitroduces many

new advantages. HIL can exist in a number of forms but most popularly including power HIL
(PHIL) or controller HIL (CHIL). PHIL involves theuse of incorporating physical power
hardware to a simulation while CHIL refers to physically involving a odietrwith a simulated
environment. Both forms of HIL allow for more in depth validation techniques by actuall
involving the real hardware inmsulation [1]. In this particular study, the CHIL methodology
will be employed and it lays out the ground work for future PHIL implementations.

The AFE isoperatedo emulate the GT dynamicandthe INV is used to emulate the SG
dynamics. In order to accurately achieve the emulapanameter translation/duality between
the two systems must be achiev&ince the main focus of this work is to provide accurate
emulation of theGT generator using power electronic converteegardless of the system’s
power level, all parameters will be kept in the distributed generation (DG) uels |@rimarily
MGT geneator (MGTG) systems. The smaller scale power systems carry the same
characteristics of the MVDC system and have considerably faster dynamaldagrthe overall

research simpler to conduct and significantly speeds up the simulation time.

( \

| torque |
|_ — GT speed SG | [~ — _|
Y D
/|l T === I

LC
Filter

LC
Filter Load/NPC
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Grid power

Figure 1.2: GT-SG system emulation realization



The basics of the experimental setup and objectives are shown in Figuréldre the
general idea of how the GSG system emulation is to be realized is illustrated. Figure 1.2 shows
how the coupled-phase bridge convertehFE-INV, setcan be theoretically replaced by a non
existent generator system. TGE-SG system shown inside the dotted light green lines is the
simulated system in MATLAB/Simuliffkusing their dynamic equations. The AREV system
shown in the light blue box is built and simulated using the components model available in
SimPowerSystefh In future works, the AFENV system will be replaced with the actual
hardware available on the NLDL test bed, where thetmn@& hardwaren-thedoop studies will
be conducted.

The main objective of GBG system emulation is as follows: The Agttown in Figure 1.2
will be controlled to respond identically to the GT, and the INV will be controllec¢pond
identically to the SG. Essentially, the ARV system will have identical behavior to that of the
GT-SG system. In order to achieve this, parameter duality must be achieved béiavéwn t
systems. This means that a relationship between the 1Gletand speed, and the AFEIlohk
voltage and ddink current must be established. Equally, a relationship between the SG voltage
and current, and the INV voltage and current must also be established.

The contributions of this work can be summarized as follows:

x Perform a complete and accurate emulation of aSGTsystem via the use of power
electronics converters

x Provide parameter duality/translation between the-S&I system and the power
electronics converters

x Two emulationrmethods are provided with each highlighting their unique advantages and
versatility. Both methods are not limited to the power level of theéSGTsystem which is
to be emulated. Each method can be usainulate any GBG system

1.3 Thesis Organization

The structure of this thesis is as follows. Chapter 2 provides a review and dasaighe
MTG system along with thdynamic, synchronous frame, mathematialdels for theSG and
the transfer functions block diagrams of 8@it-shaftMGT as well aghar full mathematical
integration. It also provides an overview of REE-INV systemwith their block diagrams and

parameter valuesin Chapter 3, an overview of the entire system architecture is ptcafioleg



with a detailed explanation of each oéttwo method of emulation and their respective results
and analysis. In Chapter 4, the experimental setup is discussed in detailed, anditharrds
analysis are providedsinally, Chapter 5providesthe conclusion othe topics explored and

discusgssopportunities for further development and future studies.



CHAPTER TWO

MATHEMATICAL MODELS AND DERIVATIONS

In this chapter, a short overview 6fTs andMGTs will be presented along with modeling
methods and their transfer functions. Also, the dynamic equations and derivati@itsfand
SGs are preseatl. Next, an overview of theéSG will be presented along with its dynamic
equations using thed-axis equations in the rotor reference frame. This transformation is
performed using theeferenceframe theory(RFT). A quick review about the&sG automatic
voltage control will be provided as well. Finally, an overview of the power elecsr@onverters
will be provided. The mathematical models developed and used for this work will also be

illustrated.

2.1 Micro Gas Turbine - Emulated System

Here, a short overview @ TsandMGTs, and their classifications is provided along with an
overview of the Brayton Cycle which is ttleermodynamic cycle that describes the workings of
the GT engine The modeling methodransfer functios, and parameterd the GT design used

is also provided.

2.1.1Gas Turbine Overview and Classification

Over the years, the Ghas become the premier propulsion generation syd&¥s. are
compact, lightweight, easy tperate and come in sizes ranging from several hundred kilowatts
to hundreds of megawatt&Ts require relatively low capital investment, have high operating
flexibility, high thermal efficiency and can be used for various industrialiGgmns.GTs can
help provide reliable propulsion to meet the future demand using both high and low heat content
fuels, with low emissionfs].

There are basicallthree types oGTs in use. They are the single shaft, split shaft, and twin
spool. Of these, the single shaft and split shaft are the most common inessebAs a result,
the twin spool will not be further discussd€igure 2.1 is a block diagram of a singleaftGT.
The power output shaft is connected directly to the same turbine rotor thattde\eesnpressor.



In most cases, there is a speed decreaser or reduction gear between the roterpamerith
output shaft. However, there is still a mechanical connection throughout the egtire. éirhe

arrangement shown is typical for t& generator sets aboard BAB3 and C&A7 class ships

[6].
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Figure 2.1: SingleshaftGT [6]

In the splitshaft GT, Figure 2.2 there is no mechanical connection between the gas
generator turbine and the power turbine. The power turbine is the component that deeblihe
work. The gasggenerator turbine provides the power to drive the compressor and accessories.
With this type & engine, the output speed can be varied by varying the gas generator speed.
Also, under certain conditions, the gas generator can run at a reduced rpm/|gmovtie
maximum power turbine rpm. This greatly improves fuel economy and also extende thie i
the gas generator turbine. In this thesis work, the split-shaft GT design wikde us
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Figure 2.2: Split-shaftGT [6]

2.1.2 Brayton Cycle Overview

A GT engine essentially consists of the following component parts: intake, comfsgssor
combustion chamber(s), turbine(s), and engine auxiliaries, such as fuel pungatiipump,
electrical power supply, starting gear, and control syg§i@mMicro turbines, like heawguty
GTs, operate based on the thermodynamic cycle known as the Brayton cycle. lcléhig)cthe
inlet air is compressed in a radial (or centrifugal) compressor, b) fuel isdmixé the
compressed air in the combustor and burned, and c) the hot combustion gas is then expanded in
theturbine section producing rotating mechanical power to drive the compressor andttie elec
geneator [8]. In a typical microturbine, an air taag heat exchanger (called a recuperator) is
added to increase the overall efficiency. The recuperator uses the heat eneslpeaivaihe
turbine’s hot exhaust gas to preheat the compressed air before the compressedimio goe
combustion chamber, thereby reducing the fuel needed during the combustion [Bhckss
Figure 23, a visual representation of this Brayton Cycle process is provided. Heres air i

compressed, isentropically, along line21by a compressor and it enters a combustor. At a
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constant pressure, combustion takes place (fuel is added to the combustor ardnipesature
raises) and/or heat gets added to air. High temperature air exitsrtbestor at point 3. Then air
enters &T where an isentropic expansion occurs, producing power. Air exitSTra point 4.
It should be mentioned that air at pointritexs the compressor and the cycle is repgaied

A microturbine has three control functions: 1) speed control acting under part load
conditions,2) temperature control acting as an upper output power limit, and 3) acoelerati
control to prevent over speeding. The output of these control functions blocks are all inputs to a
least value gate (LVG), whose output is the lowest of the three inputsesuits in the least
amount of fuel to the compressor-turbine [8].

Working Fluid In Working Fluid Out

Figure 2.3: Brayton Cycle schematic layoj8]
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2.1.3Split-Shaft MGT

As stated before, there are two different classifications of microturbe&iag discussedhe
single shaft (higtspeed turbine), and the sptihaft (low-speed turbine). In the singdhaft
configuration, the compressor, turbine, and electric generator are mountecsamthshaft. The
turbine speed is in the range of 50,6000,000 rpm. The frequency of the produced voltage will
bein the range of 300-4000 Hz. To reduce the frequency to 60 Hz, a cycloconverter is used. In
split-shaft microturbine, the electric generator is driven through a gearbox. @tmoxges used
to reduce the speed to 3600 rpm. Assuming agale SG, the frequency will be 60 Hz. In this
case, no power electronic devices are needed for frequency conversion [9].

Since the purpose of this thesis is to provide methodsby which GTSG models at all
different power levels can be emulated, a sgiiaftGT coupled to &Gwas used. This is due to
the fact that most heaxguty GTs used in US Navy ships today operate at the lower speeds
(Typically 3600 RPMs)and are couptéto a SG, via gearbox, and not permanent magnet
generatorPMG). Therefore, using a spithaftMGT will provide a better representation of what
is currently available on naval vessels on the heavy duty, high power scalef @m@emost
widely usedGT models is Rowen's simplified mathematical representations of thayyGTs
[10]. The GT system gains, coefficients, and tiroenstants used in Rowen’s modepresent
design and calculated values and have been verified by tests and actual field exgektamy
researchers have used Rowen’s model and scaled it down to represent microturbisg¢8nodel
buttheywereall based on singishaftGTs and did not address the sglitaftGT design. This is
mainly due to the added complexity of the system since a gearbox will have to be atedrpor
a splitshaft design.The splitshaft microturbine system block diagram with speed and
acceleration control shown in Figurelds usednstead of the Rowen moddlhe parameters for
the splitshaft microturbine used here are provided[®lyand are listed in Table 2. Some
adjustments were made to the gains of the governor control and no power control was used to
better suit our system design. Using the-pate SG mentioned earlier with this sghaft GT
that turns at 3600 RPM eliminates the need for frequency conversion.
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Figure 2.4: Split-shaft microturbine system block diagram with speed coffitol
TABLE 2.1
Microturbine Model Parameters
Parameter Value
Rated power (Reamt) 250 kW
Real power reference (p 1.0 p.u.
Damping of turbin€Diyrbine 0.03
Fuel system lag time constant)T 10.0s
Fuel system lag time constant)T 0.1s
Load limit time constant 3.0s
Load limit (Lmay) 1.2
Maximum value position (Max 1.2
Minimum value position (Win) -0.1
Temperature control loogain (Kr) 1.0
Speed control proportional gain{K 10
Speed control integral gain (K 0.675
6SHHG UHIIUHQFH & 1.0 p.u.
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2.2 Synchronous Generator— Emulated System

An overview of the structure and dynamics of the SG is presented along withatsid
equations using thgd-axis equations in the rotor reference frame. A review of the RFT and the
SG AVR is provided as well.

2.2.1 Structure and Dynamics Overview

As stated before, the spbhaft GFSG design is a good representation of what is currently
used by the Navy in their ships. Thake singleshaft GT design will not be included in the
simulation. PMGs are commonly used with sirgi@ft MGTs due to their igh speed
characteristic§l2]. PMGs are typically manufactured in the kW range, with a few ngngithe
lower MW range (6 MW)Thereforea SG wil be utilized for this work instead of a PMG. The
SG adds another level of complexity to the system because an automatic vajtalgeore
(AVR) has to be incorporated. The AVR provides the field excitation required torsastai
constant output voltage dhe SG. The sphshaft GFSG system design is a good representation
of what is currently used by the Navy in their ships.

Nearly all of electric power used throughout the world is generated by synchroachines
driven either by hydro or steam turbiresby combustion engines. Just as the induction machine
is the workhorse when it comes to converting energy from electrical to meahathe
synchronous machine is the principal means of converting energy from mecharetadttic.

The electric and electromechanical behavior of most synchronous machines cauibeg

from the equations that describe thptase salieapole synchronous machif#4]. The rotor of

a synchronous machine is equipped with a field winding and one or more damper windings and,
in general, all rotor windings have different electrical characteristics.

A 2-pole, 3phase, wyeonnected, saliergole synchronous machine is shown in Figure 2.5.
The stator windings are identical sinusoidally distributed windings, displaced 128gewith
Ns equivalent turns and resistangeas shown in Figure 2.6. The rotor is ggped with a field
winding and three damper windings. The field windiftgwinging) hasNy equivalent turns and
with resistance«. One damper winding has the same magnetic axis as the field winding. This
winding, thekd winding, hasNyq equivalent tura with resistance,s. The magnetic axis of the
second and third damper windings, #tg andkg2 windings, is displaced 98egreesahead of
the magnetic axis of théd and kd winding. Thekql andkq2 windings haveNyq: and Nig
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equivalent, respectivelyyith resistancesyq: andriq.. It is assumed that all rotor windings are
sinusoidally distributed [14].

bs axis

.

-

as axis

CS axis

d axis

Figure 25: Crosssectional view of a-bole, 3phase, wyeonnected, saliergole synchronous machifig4]

Although the damper windings are shown with provisions to apply a voltage, they are, in
fact, shorcircuited windings that represent the path for induced rotor currents. In tine ac
physial machine there are no damper windings instabedy a field wirding, butin order to
obtained the actual physical phenomenon of the generator in simulation, dampagsvimdist
be used. Here, the quadrature agaXis) and direct axisdfaxis) areintroduced in Figure 3.

[14]. Theq axis is the magnetic axis of thglandkg2 windings while thed axis is the magnetic
axis of thefd andkd windings. These should not be confused withglais andd axis used in

Park's transformation.
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Figure 2.6: Circuit diagram of a hase, saliefpole synchronous machifie4]

Since the synchronous machine is generally operated as a generatorsiuimgdishat the
direction of positive stator currents is out of the terminals as shown in Figur&/Rh this

convection, the voltage equationgmachine variables are expressed in matrix form as

®66=F wood=l Adoow (2.1)
Bxi Famuxa LAxa (2.2)
Where

(Bode [Be B Bl (2.3)
kBH=[Bs Bs B B (2.4)

In the above equations, the subscriptand r denote variables in the stator and rotor

windings, respectively. Both andr, are diagonal matrices; in particular,

"o @ERICN N (2.5)
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N= @EDNE Nz N« Nj (2.6)

In Figure 23 the positive asbs, and cs are drawn in the direction of negative flux linkages

relative to the assumed positive direction of the stator curfeitsin this case, the flux linkage

equations become

di';o?%‘ d Xmo Y=g g ooGe 27)

Xae)‘éi Xa axa

2.2.2Reference Frame Theory Overview

R.H. Park[15] introduced a new approach to electric machine analysis in the late 1920's. He
formulated a change of variables which, in effect, replaced the variables (vottagests, and
flux linkages) associated with the stator windings of a synchronous machimevaviables
associated with fictitious windings rotating with the rotor. In other words, nsftnaned, or
referred, the statovariables toa frame of reference fixed in the rotor. Parks transformation,
which revolutionized electric machine analysis, tiesunique property of eliminating all time
varying inductances from the voltage equations of the synchronous machine whicllee to
(1) electric circuits in relative motion and (2) electric circuits with varying magneluctance
[14]. Later in the 1930's, H.C. Stanley developed a transformation where rotor vadsebles
transformed to a reference frame that is fixed in the sfd®f. G. Kron introduced a
transformation of both the rotor and stator variables to a reference frameg atatiynchronism
with the rotating magnetic fielfl7]. D.S. Brereton et al. employed a change of variables that
also eliminated the timearying inductances of a symmetrical induction machine by
transforming the stator variables to a reference frame fixed in the rotolisT@ssentially Park's
transformation applied to induction machines [14].

Each transformation was derived and treated in literature until it was noted in 1968 tha
known real transformations used in induction machine analysis are contained in orsd gene
transformation that eliminated all tinvarying inductances by reféng the stator and rotor
variables to a frame of reference that may rotate in any angular velocity or gatanary. All
known real transformations may then be obtained by simply assigning the apprepaad of
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URWDWLRQ & )RU SIHPRPB MG & WWIKHI X@AMDWLRQDU\ FLUFXLW
DUELWUDU\ UHIHUHQFH IUDPH $W &HV DWKHNWDW HREQW B\ WK
UHIHUHQFH 11U P td¢istaiaharg circdit variables are referred to a referenogeffixed

LQ WKH URWR U thD &iorlany ciguit vériables are referred to the synchronously
rotating reference framjd4]. The main equations for variables transformations fromatiogor

real machine variables) to thyglo (fictitious variables) and vice versa as described by (2.8)

(2.12).

Guar Wadleo o (2.8)
B 6 G Wa &t e (2.9)
(Gudk = cBB=BH (2.10)
(Bobr [BBBL (2.11)

?K® cofa F%) cog &+ =) i

we= Sisina sin(a FY) sin( a+ &) & (2.12)
T s AN
I 76 6 6 o)
?K® sin a 1
N 6 . < 6
wr5= foa ) sin(a k) 1; (2.13)

cog( &+ =) sin(a+ =) 1

2.2.3qd0Dynamic Equations of Synchronous Generators

The analysis of th&Gis done using Park’s equations in the rotor reference framé)
(2.23. He was the first to incorporate a change of variables in the analy®@& oA more detail
explanation of theSG and its mathematical equations is providedlid] and [18]. The SG
parameters were obtained from orfettee predefined models existing in SimPowerSySterh
the MATLAB® software, and are listed in Table 2.2
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e PO o ot o ol (2.1
R FuéaeF;‘ 38+ %@aéa (2.15)
REs= Ma%é;%éf‘a (2.16)
K= NLE* FLO 33, (2.17)
R N o o, 218
05+ FpBa 'aakFE: B0 (2.19)
88 Finla 1axkFEs By Buo (2.20)
85s= rpBat taakFE: B0 (2.21)
83.= nolt taxkFEF B¢ B (2.22)
02, = hpBt taxkFEF B Bo (2.23)

wherep represents the derivative.

As stated above, the parameters forgheerator listed under Table 2:2re obtained from
one of the predefined models existing in SimPowerSy3teihthe MATLAB® software which
are based on real generator parameters. These generator paramdtard & obtain otherwise
since most manufacturers will not provide them. Since the GT model is rated at 28tek\ihe
parameters of a 300 kVA at 0.8 PF getmravailable in SimPowerSyst&mvere used.
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Synchronous Generator Parameters

TABLE 2.2

Parameter Value
Power rating 300 kVA
Power factor 0.8
Rated frequency 60 Hz
Rated voltage 460 V
Poles 2

Stator resistances|r 0.0235 p.u.
Stator leakage reactancedX 0.09 p.u.
Unsaturated reactance X 3.22 p.u.
Unsaturated transientactance (X) 0.21 p.u.
Unsaturated subransient reactance {X 0.14 p.u.
Unsaturated transient time ) 0.08 s
Unsaturated subansient time ({o”) 0.019s
Unsaturated reactance{)X 2.79 p.u.
Unsaturated subransient reactance X 0.38 p.u.
Unsaturated subransient time ({o") 0.184 s

2.2.4 Automatic Voltage Regulator Overview

As statel before, SG offer precise control of voltage, frequency, and power through the use

of voltage regulators and governors. The voltage regulator, or exciter, is the backlibae of

generator control system. It is the power source that supplies the dc magnatizent to the

field windings of a SG thereby ultimately inducing ac voltage and current in terager

armatureThe amount of excitation required to maintain dlogput voltage constant is a function
of the generatoioad. As the generator load neases, the amount exkcitation increases, and as

the generator load decreases, the amouexafationdecreasefl9].

The two basic kindf exdtors are the rotating exciteesdthe static excitersThe rotating

exciters are either brushless or brushed. The brushless type exciteos @ouire sliprings,

commutators, brushes, and are practically maintenaieee The hished type exciters regue
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slip-rings, commutators and brushes, and require periodic maintenance. The stiatics,exc
meaning No moving parts, provides faster transient response than rotarg arditare either
shunt or series type. The shunt type exciter get its operating field powerhecsatput voltage
of the generator, and the series type exciter get its operating field powethie output voltage
and current of thgeneratof19].

The principles of automatic voltage control apgovided by [19] as follows: Voltage
transformers provide signals proportional to line voltage to the AVR whereompared to a
stable reference voltage. The difference (error) signal is used to ctwtroliput of the exciter
field. For example, if load on the generator increases, the reduction in output yottdgees an
error signal which increases the exciter field current resulting amragponding increase in rotor
current and thus generator output voltage. Due to the high inductance of the generator field
windings, it is difficult to make rapid changes in field current. This introduces adeoable
"lag” in the control system which makes it necessary to include a stabitiaimigpl to preven
instability and optimize the generator voltage response to load changésui\stabilizing
control, the regulator would keep increasing and reducing excitation and the lirgeewetiald
continually fluctuate above and below the required value. Modeitage regulators are
designed to maintain the generator line voltage within better thab%s-/of nominal for wide
variations of machine load.

As mentioned above, th&VR for SG are either stationaryr rotating rectifierswhich
produce the direct current needed for the generator fietchding effects on such exciters are
significant and the use of generator field current as an input to the models allsaveffieets to
be represented accurate8everal different typesf @xcitation system models suitable for use in
large scale system stability studies are presentef0h With these models, most of the
excitaticm systems currently in widespread use on large, systemected synchronous
machines in North America can be represenfed.the mathematical representation of some of
the AVR systems that can be adapted for the synchronous generator voltagds cxaer
Appendix B.
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2.3Power Electronics Converters

An overview of the AFE and INV, the systems that perform the emulation, is prowvided i
section along with their circuit diagrams and large signal equations. Ting fiatthe AFE and

INV are also provided here.

2.3.1 ActiveFront End - Gas Turbine Emulating System

AFE converters are often used in applications where bidirectional power flow between AC
andDC systemsareneeded, or low current harmonics are needed. With an AFE converter it is
possible to draw sinusoidal currents from the grid leading to very low cunamntonics
compared with diode and thyristor rectifiers. It is also possible toatgthie DC voltage, and
boost it to a higher level than the peak rectified line voltage. Other advantadbe aossibility

of active power factor correction using the converter.

| vIAS
= - Vi
+
= V.
_ (..i
WE

Figure 2.7 Two level, thregphase AFE

In Figure 2.7,va, W, and Vv, represent the source voltages. Paramdigrand N, are the

inductance and parasitic resistance values of the synchronous inductansgst&im differential

equations given in thBRFare as given if21].

@
@

F4l+ i.B+ & FR (2.24)

-nm
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FAEFAN.E+ & FR (2.25)

Here, 8, 8 and E, E denote the supply voltages and the supply current componeris in d

axis and epxis, respectivelyR, R are thed-axis and epxis voltages at the input of the rectifier

and these formed the control inputs.

8,

R = Q8 (2.26)
2

R = C%Z&/Z% (2.27)

Q, Q are the éaxis and gaxis switching functions. The differential equation on the dc side
of therectifier can be written as:

0 @By 3 (2.28)
P 2 kQE+ QRO

One of the biggest advantages of using an AFE to perform theer@ilationis the
controllable ddink voltage.As a resultthe delink voltage can be and it is used to represent the
GT speed, while the dink current is used to represent the GT torque during the emulation as it
is shown in this document. The twevel, threephase AFE topology used foiis work is
shown in Figure 2.7As can be seehere threephase awoltage isfed to the AFE and it is
rectified into an assigned diok voltage which is fed directly to the INV. The AFE ratings used
here are listed under Table 2.3. These parameters are equivalent to those on thedtibed t
which was designed and built by the Energy Conversion and Integration trust ¢i1SThe
CAPS research facility for ship systems study purposes.
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TABLE 2.3
AFE Power Stage Parameters

Parameter Value
AFE input power 1.5 kVA
AFE output power 1.3 kW
AFE input voltage (lindine) 100 Vkums
AFE output voltage 200 vDC
AFE dclink capacitorCa 760 uF
AFE inductorLa 0.64 mH
AFE inductor resistanaga Y
AFE input power 1.5 kVA

2.3.2 Inverter - Synchronous Generator Emulating System

Figure 2.8 demonstrates the power stage ®phase INV which includes a thréeg IGBT
configuration and tC filters. Thus, the linear differential equation that describes the-$ggal
dynamic behavior of this INV unit i22]:

@y ) 1 8 4 1 2.29
ToF B PR R0 R o
@R, 1 1 (2.30)

@P F_%E‘m F_%%m

where @ g are the control signal variables, L and C are the filter parameter yvalygsare the

3-phase inductor current$, .

the 3phase output voltages, argj js the input dc voltage.

The purpose of the-vel, 3phaselINV is to createthreephase ac voltages from dc
voltages The twalevel, threephase INV topolog used for this works shown in Figure 3. As
can be seehere a dc voltage (In this case, thesigned ddink voltageobtained from the AFE)
is fed directlyto the INV. The INV, Figure 2.8, convertsghic quantiy back to a desired three

phase voltage for the load. The magnitude and frequency of the-{N\s® output voltage can
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be varied as desired by the user. The INV ratings used here are listed ailée?.# As it was

the case for the AFE, these parameters are equivalent to those on the NLDL.test bed
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Figure 2.8 Two level, thregphase INV

TABLE 2.4

INV Power Stage Parameters
Parameter Value
INV input power 1.3 kW
INV output power 1.15 kVA
INV input voltage 200 vDC
INV output voltage (lindine) 100 Vrums
INV dc-link capacitor<Cg 380 uF
INV inductorL, 0.84 mH
INV inductor resistance Y
INV output capacitanc€ 110 pF
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CHAPTER THREE

SYSTEM EMULATION SIM ULATION

Two methods which can be utilized to emulate &WSG system with the use of power
electronics converters are preserttede. Completenodel explanationandfiguresare provided
for each both methods of emulation. Also, thathematical analysiare prowded for both

methods of emulation.iBulation results and analydisr each method is also presented.

3.1 System Architecture

The overall system architecture and basic emulation theory is illustratégure 3.1. Here,
the GTSG system model is deveked in simulation with their respective controfs the
MATLAB/Simulink® simulation environmenfThe AFEINV system is also model in simulation
using the MATLAB/Simulin® simulation environmentAs can be seen here, the speed of the
GT'sshatft is fed backnto GT controls where several calculations are made, and the appropriate
fuel necessary to create the torque required bI&G system to maintain synchronous speed
while providing the appropriate output power to theiS@rovided. At the same timdyis speed
feedback, which is in per unit value, is used to create the gate signals requiredABEthe
conduct the emulation of the GT. In a similar manner, the output voltage $Gtisefed back to
the AVR control and it outputs the necessary fiebdtagefor the SGto maintain a constant
output voltage in its outpuAt the same time, the output voltage of the SG, which is in per unit
value, is usedo create the gate signals required byl to conduct the emulation of tI8G.

As shown in Figure3.1, load changes are masienultaneousiyto the load connected to the
output of the SG and the load connected to the output of the INV.

It is important that the GBG system be modeled in the per unit system to allow for
emulating of all GISG systemseagardless of their respective power levels. The AW
system can be modeled in either the-kedlie system or the p@&nit system since it is used to
conduct the emulation, biwad changes must be equivalent to theyet load change that is
made to the G'B5G system. In this work, the AHEV system was modeled in the reallue
system to represent those values of the NLDL test $edtion 3.2 provides a more detdll

explanation of each method of emulation.
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Figure 3.1:Basic emulation system topay

3.2 First Method of Emulation

The first method of emulation which can be utilized to emulateGIWsG system with the
use of power electronics converters is presented here. Complete model expldigates, and
mathematical analysis are provided. Simulation results and analysis for tthiedms also

presented here.

3.2.1 Model Explanation and Equatons

The system diagram of the first emulation method studied is shown in Figurin 3his
method, the GISG module and the AFENV module are mechanically and electrically
decoupled from each other. Controls are setup for th&G™model, and thegontrol signals are

usedto provide the switching commands for the ARE/ model. The GT and SG are modeled
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as previously described. As can be seen in FigietBe input for theSG and thelNV is
mechanical power and dc electrical power, respectivdlg mechanical power output of the GT,
input power of the SG, is obtained using (3.1) and the output power of the AFE, input power of
the INV, is calculated using (3.2).

2= 6 0 &(wW) &1
2, 5= 8.00.W) (32)

The GT output torqueT] and speed &) are fed to the SG modek: is measured at the
output of the SG and fed back to the GT controls where an error is calculated and corrected via
its governor control.& is utilized to provide the switching signals for the AFE, where the
emulation of the GT takes place. The SG model receives the mechanical power fromtthe G
produce electrical power. The SG output voltagetsd iS maintained constant by using an
AVR. The AVR provides the required field excitation for the rotor ineortb maintain the
desiredoutputvoltage magnitudeVoancsciS also utilized to provide the switching signals for the
INV, where the SG emulation takes place. The required input dc voNagead currentl)
for the INV are provided by the output of the AFE. The AFE is fed with a constphas®
voltage from the grid. The GBG is modeled in per unit (p..since mosGT parameters found
in literature are provided in the p.u. systerhe AFEINV is model using real valugas denoted
in Figure 3.1 to match those values currently available in the NLDL test Dhd.NLDL test
bed is equipped with a NPC converter which is connected at the output of the INV. The&PC is
power factor corrector and also regulates thdirdcvoltage at its outputSince the NPC is a
power factor corrector, thethe load from the SG and INV point of view will appear to be
resistive regardless of nonlinearities that it may contain. Theretorthd purpose of this work,
the loads connected to tB& and INVaremodeled asesistive load.

In order to provide proper SG emulation via the INV, parameter translatiotydoeiiveen
these two systemmustbe established. This can be achieved via a parameter gain or equation or
both. The INV acts like a neimverting buffer. Ths, only a gain is needed on the signal
commands to provide the parameter duality. The switching commands for th&lplvare

provided byWoancse The relationship betwee@ ¢ andVoancscis established by (3.3).
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Qcr ) U 8sos0(mu.) (3.3)

where the parameter gaihis a function of the amplitude of ttadc signals which achieve the
rated output voltage when the INV has its own controls underlANVEnormal operation. This
value will beillustratedin the next subsection.

As stated & is utilized to provide the switching commands for the AFE. Unlike the INV, the
AFE acts like an inverting buffer or an inverse lagk table, meaning that lower switching
signal values return a higher output voltage and the higher signal valuesarétuvar output
voltage. Taking this into consideratiansimple gain will not suffice. As a resudin equation is
used. The equation for the AFE switching commands which provides the parameteysislualit
given by (3.4).

Figure 3.2: Overall system setup (first method of emulation)
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Q@ - @A+ T 1/AD @) Ap.u) (3.4)
Where

AP=(fsgF 89 (p.u.) (3.5)

Here, Q, s is the equation of a Pl controll@ranslator)whereK is the proportional gain of
the translator Gis the integral gain of th#anslatoy and A P is the error calculate(B.5). As
shown by Figure 2.and(3.5), the error equation4 P, is a function of the speed of the GT and
the delink voltage of the AFE. Here, the AFE-tlok voltage,Vy., is converted to per unit value
by dividing it by the rated dink voltage Vyc rated @nd it is subtracted from tlepeed of the GT,
& This error is passed through the PI and it is corrected. In order to provide $etilns the
output of the inverter is copletely openedoop, but the output of the AFE is in a clodedp.
The reason that the AFE output is in a clekexp is to further improve the emulation during the

transients and dynamics events.

3.2.2 Simulation Results and Analysis

As stated before, the parameter gairs a function of the amplitude of tladcsignals which
achieve the rated output voltage when the INV has its own controls undetNAFBormal
operation. Upon simulating the AHEV system with its own controls undaormal operation,
the value of G was found to be 0.8 plhis value is illustrateth Figure 3.3.

The system shown in Figure 3.2 was developed and simulated using MATLAB/Sifhulink
and SimPowerSysteffisAs can be seen here, the load can be represented as a purely resistive
load since the NPC is a power factor corrector. The load on the INV output hiadldivéng
loading conditions:$W WLPHYV V DQG V. WKH ,19 LV ORDGHG ZL\
respectively. At the same time, the SG was loaded Wi& p.u., 3.6 p.u.,, and 1.8 p.u.,
respectively. The loads are applied at 35 seconds intervals to allow the SG tstabditir The
GT and SG contain very slow dynamics which leads to longer transients. ellegrtsfore it
must be given enough time teach steadgtateconditions before applying stépad changes.

Otherwise the system will not be able to reach stability.
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Figure 3.3:INV switching signals @ c) obtained when the AFENV model is run during normal operation under
closedloop control

For this part of the experiment, the setup shown by Figure 3.2 was simulated dad thel
results illustrated in Figures 3-43.9 As it is shown here, the AFHRIV system performs well
in conducting the emulation of the €&8G systemFigure 34 and Figure 3.5 illustrate the GT
speed £) vs the AFE ddink voltage (Vdc), and the GT torque vs AFE-ldk current (i)
during load step changes applied to the simulation moelgbectivelyAs seen in Figure 3.4, the
GT speed and/4 are identical in shape withvery small errors in amplitude angtansient
response. Igjhtly larger delag and amplitudesrrors are noticed in Figure 31ut the emulation
appears to be very successful. Although there are small variations between thaddf& GT,
the system response is is quite adequate. Thus, it indicates that the AFE wassabtesfully
emulate the GTSince he GFSG model has slow dynamicand the AFEINV model has
relatively fast dynamics for high frequency switchinipese smalldelays and amplitude
differences can be further imrpoved with the better controller tufihgse differencesan be
furtherimproved by providing feedback loop between the ARV systemoutput and the GT-

SG systemand it will be shown by the second method.
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Figure 3.6shows the magnitude of the SG voltages¢])/vs thelNV voltage(|Mnv|), and
Figure 3.7 shows th8G current(|lsg) vs INV current(|linv|). In Figure 3.6 yvery smalls delays
and amplitude differences are observed during the transient events, aexitiemsely accurate
during the steadtate events. @rall, the emulation of the SG voltagea the INV voltageis
very succedil. In Figure 3.7, small delays and amplitude differences are noticed during the
transient evenidutoverall the emulation of ¢6SG current by the INV current is very sucessful.
As can be seen in Figure 3.5, during the step load changes at times 35s and 70s, |
experiences some spikes. This is due to the fact that the converters havefastenaynamics
responseHence,the system reacts quickly to the step load changes but corrects itselastery f
Figure3.8illustratesthe GT powers AFE power and Figure 3.9 illustrates the SG power vs the
INV power. Again, it is notedhat there are very small delays and amplitude rdiffecs during
the transient events between t3@-SG variables and thAFE-INV variables but one can
conclude that the AFENV provides an accurate emulation of the-S& duringall transient
eventsand steady statesmprovements to these results are possible through better controller

tuning or the use of more sophisticated controls
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3.3SecondMethod of Emulation

The second method of emulation which can be utilized to emulat&®&8G system with
the use of power electronics converters is presented here. Completeaxypldnation, figures,

and mathematical analysis are provided. Simulation results and analysis foethsd is also

presented here.

3.3.1 Model Explanation and Equations
In the second methothe AFEINV systemis in aclosedloopin its entiretywith the GFSG

system The AFE and INV act as amplifiers hefes seen in Figur&.1Q the output voltage of
the INV (Vapciny) IS converted to peunit and is provided as input to the AVR contrdere,
VoabesdS Utilized to provide the switching signals for the INV as described by. (3.6

Qcr ) U 8s60ia (3.6)
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Here, the parameter gain G is a function of the amplitude aditibsignals which achieve the
rated output voltage when the INV has its own controls under-INEnormal operation, just
as it was the case for the first method of emulation.

The switching commands for the AFE are provided by (¥#)cnviS passed throdga PLL
where the frequency§) is extracted and converted to per urdiis fed backto the GT controls
where it regulates the output of the GT using its governor cor§as. subtracted from the per
unit value ofVy. where an erro(3.8)is calculaéd. Then this erroris passed though a Rhich
is described by (3)7

Q@ - @A+ T 1/AD @) Ap.u) (37)
Where
AP= fiaF 8.dp.u) (38)

Figure 3.1Q Overall system setup (second method of emulation)
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In equation 3, K is the proportional gain of theanslator 6;is the integral gain of the
translator and A P is the error calculated. As shown by Figure 3.10 and (3.8), the error equation,
A B, is a function of the frequency of the output voltage of the &4 the ddink voltage of
the AFE. Here, the AFE dink voltage,Vy, is converted to per unit value by dividing it by the
rated delink voltage,Vyc rates @nd it is subtracted from the frequency of the output voltage of the
INV, & which is obtained in per unit value by the PHere, we do not nee subtractthis
guantity from aconstant value of,las it was in the first method, since the feedback loop is
provided from the output of the INV and not the SG.

3.3.2 Simulation Results and Analysis

The system shown in Figure 10 was developed and simulated using MATLAB/Simufink
and SimPowerSystetn As can be seen here, the load can be represented as a purely resistive
load since the NPC is a power factor correetrnt is the case for the first methokhe same
loading conditions that were applied to the first method are applied to this second method for
comparison reasons. Agaa\yv= WLPHV V DQG V WKH ,19 LV ORDGHG
Y UHV S HAtWhe $&h@ \timg the SG was loaded with 1.8 p.u., 3.6 p.u., and 1.8 p.u.,
respectively. The loads are applied at 35 seconds intervals to allow the SG tstabditih The
GT and SG contain very slow dynamics which leads to longer transients. éariteat reason,
it must be given enough time to reach stesidye conditions before applying step load changes
Otherwise the system will not be able to reach stability.

The setup shown by Figure 3.10 was simulated and yielded the results illustraigarés F
3.11 —3.16. Here, one can see that ¥hEE-INV model emulation of the GBG transient
response is improved. The AFE and INV are able to accurately emulate {86 Gansient
events duringhe startup loading conditian steadystate conditionsand during the load step
changes with lower amplitude errors. It must be noted that a lot more time weaetetkdicthe
first method of emulatio, and that this second method of emulation needs further inwgstigati
Theimprovemenprovide by this second rfedis due to the fact that is a closd- loop system
in its entirety In a closd-loop system, the system is able to calculate and correct the error and
provide a much faster reponse. The response of the system can be further improvedjhlggunin
K and Gjgains of the translator or by providing more sophisticated controls. These gaihs c

adjusted so that the system can provide a faster response, thereby further intheotragsient
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response and stability of the system. As can be seen in Figure 3.12, during the step el chan
at times 35s and 70s; kexperiences some spikesich is also reflected in AFE power graph,
Figure 3.15. This is due to the fact that the converters hanech faster dynamics response
Thereforgthe system reacts quickly tiee step load changes but corrects itself very fast.
In Figure 3.11, one can see that thg ®mulates the GEpeed with very little delayand
amplitude differencedn Figure 3.12, is observed that experiencesess oversoots that it did
in the first method of emulatiotn Figure 3.13 ané&igure3.14, Vsc VS Viny and kgVs Iny are
illustrated respectively. Here, one can see that the INV accurately emulates the S@aector
with very little delay and amplitude diffencesin Figure 3.13, we can observe that an overshoot
improvement of about 0.1 p.u. was achieved over that of Figure 3.6. This was by far the biggest
improvement made. In Figure 3.15 and Figure 3.16, the power of thes BFFEand the power
of theSG s INV are illustrated, respectively. Here, one can see that thelNFEprovides a
very accurate emulation of the &5IG. This is true regardless of the power levet&3 and the
loads that are applied to @ontroller tuning is very important in this rhed, since it is a close
loop system between two very different dynamic systehgsin, this method needs further
investigating and it's expected to provide better results once the contaodidnse tuned.
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As mentioned above, this method provides better results with less overshoots the
transient events since it is a clodedp systemn its entirety The closedoop system allows for
faster error calculation and correction, thereby allowing the system tne&gster during load
changes and fluctuations. The drawbacks torttegthod are¢hat controller tuning is more critical
and it does not allow for individual componeesting of the system. Far more effort and time
was spent in the implementation of the first method of emulation and as it is shothe by
results, the secanmethod was able to provide slight improvement without needinigeto

perfected. Further analysis and testing will be conducted for this method inviuitks
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CHAPTER FOUR

CHIL EXPERIMENTAL SETUP A ND RESULTS

The two methods which were developed and tested in simulation that can be utilized to
emulate anyGT-SG system with the usef power electronics converters were tested using a
CHIL approach, and are presented h&emplete experimentaetup explanation is provided

and the results obtained are illustrated and analyz#uls section.

4.1 CHIL Experimental Setup

The first and second meth®df emulation which were illustrated, explained, and simulated
in Chapter 3, are developed and tested in-treed using a CHIlLapproach.Here, a rapid
prototyping contrder in conjunction with a redime simulator will be utilized to conduct the
CHIL test.The dSPACE rapid prototyping controller (RPC) was selected due to the familiarity
with MATLAB/Simulink and it was readilyavailablefor use The dSPACE™ RPC unit is an
ACE1103, which is equipped with digital 1/0, ADC and DACs. The RPC is connected vi
shielded BNC cable to the RTB% connection point shown in Figure 4.1 and Figure Zl%e
RPC utilizes a PowerPC 750GX 1Gidmcessor and has a system wigkerating timestep of
5 V 7KGT-SG system and controls arénstantiated via development in the
MATLAB/Simulink environment and is compiled for use in the DSP via MATLAB’s teak
interface. Experimental scenarios and data extraction are accomplished via theEJ$PA
Control Desk environment.he system is illustrated in Figure 423]. As shown in Figure 4.3,
The GTSG system and controls will be modeled in MATLAB/Simulink and employed in
dSPACEM. This model is calculated by dSSPACEDW D WLPH VWHS RI V

The RTDSM (reattime digital simulator) was chosen as the computational engine for real
time simulation of the AFENV system as shown in Figure 4.3RTDS™ can perform
calculations at a much faster rate than dSPACRs a resultsit is preferred to employ the
switching models in it. The RTD® system available at the CAPS. The system consists of 14
racks, where the racks that were utilized contain 5 GPC cards that each ceot&aiB0GX
RISGbased processors. This model is calculated by R*fDBW D WL P Hs. RTWE'S R |
receives the duty cycles from dSPA®Ria the laboratory interface through BNC cabf23].
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Figure 4.3, and the PWMs are created in R™a&nd provided to the AFENV switches. The
AFE-INV results gathered in RTDY are sent back to dSPACEwhere hey are gathered and
plotted.

Figure 4.1: dSPACEM RPC[23]

Figure 42: RTDS™ (left) and laboratory interface (rigHg3]
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Figure 4.3: CHIL methodology employed for retime testing via dSPACE and RTDSY

4.2 CHIL Experimental Results of the First Method of Emulation

The first method of emulation shown in Figure 3.2 was developed and employed in the CHIL
method shown in Figure 4.8lere, the GTISG system and their controls were developed in
MATLAB/Simulink and employed in the dSPACE RPC. The dSPACE! model creates the
duty cycles @,s and Q) for the AFEINV system, and receives the AHEV
information/results 8 ey % 806 6 A &6 % 6and b6 o Adiom RTDS™ for data capturing and
illustration purposes. RTDY also allows for data capturing and illustration through their user
interface software, RSCADRSCADis a useiffriendly interface used to create a working
environment familiar to the power system engineer. This software is the mafadatwith the
RTDS™ hardware and is designed to allow the user to perform all of the necessm ot
prepare and run simulations, and to analyze simulation results. RSCAD providbsithé¢o set
up simulations, control, and modify system parameters during a simulation, gaisite, and
result analysig24]. This is the software that is utilized to create the ARE system and
compile it into the RTD8" hardware.

As statel above, the GISG system was employed in the dSPAXERPC with their
respective controls. This model is executed by the dSSPAGEDUGZDUH DW D WLPH VW]
The AFEINV system was employed in the RTBShardware and itvasexecute at a time step
RI TWe same loading scenarios that were applied to the system during simulation, was
applied during the CHIL experimentation. The loading scenario is as followised Os, 35s,
DQG V WKH ,19 LV ORDGHG ZLWK Y WKHD@PH WL RHIW S\W |
was loaded with 1.8 p.u., 3.6 p.u., and 1.8 p.u., respectivieéysetup shown by Figure 4.3 was
executed and yielded the resudteillustrated in Figures 4.4 4.9.As can be seen in Figure 4.4
the AFE is able to emulate the GT durithg steadystate eventsDuring the transient enss it
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provides a very good emulation wghght variationgn amplitudes and delays Figure 4.5, we
can see that thgclprovides a good emulation of the torque, hot as good as thegydid of the
speed. This is due to themple controlghatwere utilized which require better tuning. In future
works, more sophisticated controls will be utilized for the AFE and they will bd funged by
utilizing a computational method that optimizes the response of the system saidhadgcle
Swarm Optimizabn (PSO)technique This will improve the reactions and settling time of the
AFE controller and improve the GT emulation resuftiso, achieving faster timsteps on the
dSPACEM and RTDSM units, would provide more accurate results as well.

In Figure 4.6, the magnitude of the SG voltage vs the magnitude of the INV voltage is
illustrated As can be see here, the INV provides an accurate emulation of the SG witiegxtre
low delays and amplitude errors. The INV shows good response during the-steadynd
transient events. In Figure 4.7, the magnitude of the SG current vs the magnitudeNy the |
current is illustrated. Herdl,ny| provides a very accurate emulatiorleg, with little delays and
amplitude errorsFigure 4.8 and Figure 4.9 illustrate the GT power vs AFE power and the SG
power vs INV power, respectively. Here, one can observe that both, the AFE and the INV,

provide reliable emulation of the G3G system.
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4.2 CHIL Experimental Results of theSecondMethod of Emulation

The second methodf emulation shown in Figure 3.Mas developed and employed in the
CHIL method shown in Figure 4.3. Here, the-SE system and their controls were developed
in MATLAB/Simulink and employed in the dSPACERPC. ThedSPACE" model creates the
duty cycles @, s,and Q) for the AFEINV systemand are sent through DACs via BNC
cables to the RTD%' system. The RTDSM systems perfornits computational calculations of
the AFE-INV systems and send tivormationfesults By ¢ 0.8 00 ASk 6 % vand b oo Ad9
the dSPACEM hardwarefor dataprocessingand illustration purposes. In this method, the INV
output voltage,8 5 ¢ A @nd its frequency are fed back into the AVR controls of the SG and the
controls for the AFE, respectively as shown in Figure 3.10. This creates d-ldogesystem
between the GBG and the AFENV modelin its entirety
As stated above, the GIG system was employed in the dSPAXERPC with their
respective controls. This model is executed by the ASSPAGEDUGZDUH DW D WLPH VWI
The AFEINV system was employed in the RTBShardware and was executed at a time step
R V 7KH VDPH ORDGLQJ VFH Qe bysterw duwikgDsiwiuldtien) Werb S S O L H
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applied during the CHIL experimentation. The setup shown by Figure 4.3 was exaodte
yielded the results are illustrated in Figures 4-#)15. As can be seen in Figure 4.10 and 4.11,
the AFE is able to emulate the @ETring the steadgtate eventsutit is not as accurate during
the transient events. This is mainly due to the fact that simple controls wezedutihich
required better tunincAlso, achieving a faster tiragtep can better improve the overall results
In future works, more sophisticated controls will be utilized for the AR& a faster timstep

will be achievedThe simulation results for the second method of emulation showed very good
results and improvements over the first method of emulatioradaain be seen in Figures 4.4
and 4.5, and Figures 4.10 and 4.11, the first method of emulation prdattedresults than the
second method of emulatiosuring the CHIL experimentation. This is mainly because the
second method of emulation requires mumetter tuning than the first method since it is a
closedloop systemin its entirety These results can be further improved by providing better
controls for the AFE and also by providing better tuning of the controller. égiomed before,
this method requires further study and analysis. Therefore, improvementsfaaihdrachieved

once better controller tuning are achieved.
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In Figure 4.12, the magnitude of the SG voltage vs the magnitude of the INV voltage is
illustrated. As can be sedere, the INV provides an accurate emulation of the SG with low
delays and amplitude errors. The INV shows good response during the stigadgnd transient
events. In Figure 43, the magnitude of the SG current vs the magnitude of the INV current is
illustrated. Here, the accuracy of the emulation of the SG provided by thesIAlg¥a observed.
Again, these redis can be improved by providing better tuning for the AFE contfatpure
4.14 illustrates the GT power vs the AFE power. Once again, one can see that theAfi&s pr
an accurate emulation during the steathte eventsbut struggles a bit during theansient
evens. In future works, a more fiened and sophisticated control will be provided for the
AFE. In Figure 4.15 the SG power vs the INV power is shown. Here, one can tstee thdV
provides an accurate emulation of the SBese will also bemprovedby fine tuning the AFE
controls since they seemed to affect the performance of the inverter due tg ia lobdisedoop
system.Further testing and analysis will be conducted for this second method of emulation as

part of future works.
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CHAPTER FIVE

CONCLUSION AND FUTUR E WORK

5.1 Conclusion

As was demonstrated, gas turbine generator system emulation is very muchldetaed a
very useful tool for studying such systems. This study was concentrated on ngyothdi
emulation for GTSG systemsbutit can be expanded to include all types of prime movers and
generators as long as the mathematical equations and systems parameters ate. &tamab
this work can be expanded to conduct the emulation using different power electomviegears
structures.

The objective of this work of providing a translation/duality between an expensive, high
maintenance and bulky GG system, and a less expensive, easy to implement and compact
AFE-INV power electronics systems through emulation methodologies was achieved.
methods which can be utilized to emulate any&3 system with the use of power electronics
converters, regardless of power level, were presented. As the simulation seswisd, the
results obtained during the CHIL implementation can be further imgroyémplementingnore
sophisticated controls and better controller parameter tuning. The contis#for the AFE in
this work was chosen to be simplistic in an effort to provide a moreetfestive solution The
more complicated controls will provedbetter resulidut they are also more computationally and
economically expensive. The INV control was much simpler and easier teniamt since the
INV in this work acts very much likenaamplifier. As seen by the simulation and CHIL results,
the INV providedvery accurate emulation of the system with little delays. It's perfarenan
somewhat affected by the performance of the AFE. Therefore, improvingrBecéntrols will
provide further improvement to the INV performance.

The first method of emul@an is not entirely closedoop. The only connectianbetween the
GT-SG system and the AFRIV system are the control signals which are created directly from
the GTFSG system controls, and the AFElddk voltage feedback which creates a clokeap
systen between the AFE and the GThe INV is entirely openetbop in this setupThis first
method provides a very good emulation of the entire system, and it is a greati@manhd
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testing modesince it does not require anytputvoltage or current feedbla from the systemit

is alsoa great method for conducting quick and reliable prototyping of the systemmodis
allows for individualtestingof each component of tlsystem, meaning that each machine can be
emulated and tested separately from tineotin other words, the GT can be tested andl&ted
completely separatdéom the SG and INV. In the same manner, the SG can be tested and
emulated separately from the GT and AFE.

The second method closes the loop between th& Gmodel and the AFENV modelin its
entirety This allows for faster response and less oversihtatsg transientsand provides a
very accurate emulation of the &IG model. It allows for a more detailed prototypiuud
dynamics performance of the systenimis model does natllow for individual testingof each
component of the systeaswas the case for the first methsthce the GISG model requires
the feedback loop from the AHEIV model output voltage. The second method is also more
sensitive to the AFE controller parameters. Consequently, the tuning of the AFEsbatmme
a very important aspect of this methadtit also allows for providing greater results once more
sophisticated controls amaplementedAlso, this model requires further testing and analysis.

As stated before, the results of this work can also be further improved by ingréaesi
speed of communication between the two systems. The maximum speed that iexzedaaip
the dSPACEY XQLW ZDV V DQG WKH PD[LPXP VVSs KEEGWDERVHY H\G [
The switching frequency of the system is N+ | \ 7 K B @nit'i6 capable of
FRPSXWLQJ DW vV T @ G LWVK Bl VQus 3kt (18 Kauch room for improvement
in this area.

Overall, this work was a success and lays out the foundation for future PHIL studies of th
GT-SG system emulation. It also provides the ground work for conducting gas tuebieratgpr
emulation usingdifferent structure of power electroits converters by providing the duality
between the parameters of both systekssshown in this document,daal relationship (duality)
was established between the following variables:

GT speed and the AFE dimk voltage
GT torque and the AFE dc-link awent

X

x

x

SG voltage and the INV voltage

x

SG current and the INV current
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5.2 Future Work

There is still plenty of room for improvement and development in the area of gas turbine
generator system emulation to be explofdte NLDL test bed is set up for testing of two-GT
SG units. Gas turbine control strategies, as well as generator control strategiesecan b
implemented to test system compatibility and topics such as load shadihgadnresponse can
be testedOn load sharing, one can study the system’s response where sudden loads are added or
removed from the system. Also, the system response whenS&GE3init is added to the system
or removed from the system can be studigcknarios where faults occur in the systems can be
studied as well as extreme scenarios where €6GTunit suddenly has a power failure and is
disconnected from the system can be studied.

The researckban be expanded to include all types of prime movergandrators as well as
to conducthe emiation using different power electronics converters structures. Continuation of
this work will include a GISG system modeled at the current naval ship's power distribution
level as well as the New Generation Integrated Power Systems (NGI&SihéhNavyis
proposing.

The next phase of this work will include fine tuning of the AFE and INV controls to further
improve the emulation of the GG system via both methods of emulatidhe controllers can
be fined tuned by utilizing mathematical method or@mputational method that optimizes the
response of the system such as a Particle Swarm Optimization (PSO) tecAimguevill
improve the dynamics, transient, and settling time of the controllers and improve th# ove
emulation results of the syste@ther solutions that will be further investigai@aeto implement
more sophisticated controlshich aremore computationally heayybut which can improve
provide further improvement to the overall resuldso, achieving faster timsteps on the
dSPACEM and RTDS™ unitswould provide more accurate results as wEHierefore, system
optimization will be further investigated in an effort to improve the overall systenputational
rate. Furthermordhe next phase of this woaklowsfor proceethg from the CHIL study to the
PHIL study using the NLDL test bed that was put together by the ECI trust abthe TAPS
facility. One of the key factors in conducting the PHIL study is achieving a vergdtestransfer
speed and computational rate since a switghrequency of 10 kHz must be attained. Fast
communication links between the NLDL test bed and the controller hardware will herfurt
investigated
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APPENDIX A

NON-LINEAR DYNAMIC LOADS TEST BED

The NLDL Test Bedwasdeveloped within the Energy Conversion and Integration research
thrust at CAPS. One of threain focuse®f the test bed is to investigate the MVDC system of the
Navy’s AES researchThe NLDL Test Bed is a small scale mock up of this syshewh it is
shownin Figure A.1[1]. As can be seen here, the input power from the grid is first introduced to
the AFEINV converter combinatianThe physical NLDL Bst Bed is depicted in Figufe2. As
shown here, there are two identical cabinets holding the components shown in Figuiehis
gives the possibility of testing two generator systems supplying power toeal $h@rbus. This
topology is consistent witthe MVDC structure shown ifd] without use of any auxiliary

generators.

Figure A.1. Diagram of NLDL Test B4d]

55



FigureA.2. Physical picture of NLDL Test Bed with description of shelf confdits
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APPENDIX B

AVR MATHEMATICAL MOD EL REPRESENTATION S

Figure B.1. Type AC4A Alternatorsupplied controlledectifier exciter [20]

Figure B.2. Type AC5A- Simplified rotating rectifier excitation system representajil
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Figure B.3. Type ST1- Static exciter AVR systerf25]

Figure B.4. Simplified AC exciter mode]26]
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