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ABSTRACT 

Gas turbine-synchronous generator (GT-SG) systems are the main source of power and 

propulsion onboard most naval ships. Since this system plays a vital role in accomplishing the 

ship's mission, a lot of testing is conducted to ensure that the system is ideal for the ship in which 

it is to be installed. Testing of such systems is very expensive and complicated. These systems 

are very large in size and require a very large testing facility for storage. Also, it is a very 

complicated and high maintenance system. Therefore, it requires a lot of personnel for 

maintenance which further increases the total cost. 

Finding ways to reduce the cost and total amount of waste for testing these systems is 

essential for the day-to-day operation of the United States Navy. They have invested and 

continue to invest large sums of money in research which concentrates on finding reliable testing 

models which can potentially reduce the current cost and waste of testing such systems.  

The Energy Conversion and Integration trust (ECI) at the Center for Advanced Power 

Systems of Florida State University has developed a NLDL test bed. This test bed, shown in 

Appendix A, is comprised of real hardware developed converters for testing the Navy's All-

Electric-Ship (AES) proposed power system. It is used to perform various tests on control and 

stability under the expected non-linear loads setting of the Navy's weapons systems. It can also 

be used to explore other research topics related to distributed power systems and other related 

hardware tests. The incorporation of this test bed is part of the next phase of this work which 

includes PHIL testing of the system. PHIL involves the use of incorporating physical power 

hardware to a simulation while CHIL refers to physically involving a controller with a simulated 

environment.  Both forms of HIL allow for more in-depth validation techniques by actually 

involving the real hardware in simulation [1]. In this CHIL methodology, the simulated 

environment involves a real-time 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 in a RTDSTM 

system. The controller part of the CHIL involves the actual model of the GT-SG system which is 

computed in real time utilizing a RPC. In this particular work, the RPC is a dSPACETM unit. The 

CHIL methodology lays out the ground work and provides a link for the future implementation 

of PHIL. The CHIL method allows for testing of all communication links between the hardware. 

Therefore, once all the systems are tested and are operational, the hardware simulated 

environment can be replaced with the actual hardware of the NLDL test bed. 
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As stated, this NLDL test bed is comprised of several power electronics converters such as 

Active-Front-End (AFE), Inverter (INV), and Neutral-Point-Clamp (NCP). The CHIL simulated 

hardware environment provides an exact replica of this test bed and is a great testing model for 

such a system. The purpose of this thesis is to utilize the AFE and INV to emulate the GT-SG 

system, and to provide a translation/duality between the GT-SG system variables (torque, speed, 

voltage, and current) and the AFE-INV system variables (voltages and currents) through the 

emulation methodologies. 

In this work, two methods which can be utilized to emulate any GT-SG system operation in a 

wide range of steady state, dynamic, and transient performance through the use of these power 

electronics converters, regardless of power level without loss of generality, are presented. The 

dynamic equations of the GT and SG are utilized to construct their models, and are implemented 

in MATLAB/Simulink®. The AFE is utilized to conduct the GT emulation and the INV is 

utilized to conduct the SG emulation. Controls are set up for the GT-SG model and the control 

signals are used to provide the switching commands for the AFE and INV, respectively, to 

perform the emulation. Parameter translation/duality between the GT-SG model and the AFE-

INV model are also provided. 

For the purpose of this work, the GT-SG system studies and emulation are conducted in the 

distributed generation power levels. This work can/will be expanded to include the ship's main 

distribution power levels as part of the future work.  
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CHAPTER ONE 

INTRODUCTION, MOTIVATION AND ORGANIZATIO N 

 

1.1 Introduction  

GT-SG system testing is a very expensive, time consuming, and complicated process. It 

requires a lot of maintenance, space and personnel in order to test a single system. The United 

States Navy has invested a lot of money and resources in research of such systems in efforts to 

find simpler, cheaper, and yet very reliable solutions. The research efforts range from system 

modeling in various softwares to small scale system development on actual hardware for testing 

purposes. In an effort to aid and find solutions to these problems, the ECI trust at the Florida 

State University - Center for Advanced Power Systems (FSU - CAPS) developed a NLDL test 

bed to study the medium-voltage direct-current (MVDC) ship power system of the AES 

illustrated in Figure 1.1. The work of this thesis focuses on providing a cheaper, less 

complicated, more compact, and lower maintenance solution to GT-SG system testing which is 

achievable by conducting GT-SG 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 consisting of a prime 

mover and electric generator is virtually simulated in real time and emulated on real hardware 

via a controllable voltage/current source. Generator emulation is a new concept in 

simulation/verification with much room for research and development for various applications.   

The implementation of such a procedure coupled with a real distributed system introduces the 

possibility of a wide range of system studies.  In using such a practice, this eliminates the need of 

physically involving the generator system in testing or development of control strategies which 

brings about many advantages and possibilities [1]. 

In [1], a real-time high speed permanent magnet generator (PMG) system emulation study 

using HIL was conducted. Here, only the generator output voltage and current were emulated. 

The GT steady-state and dynamics characteristics were not considered. Additionally, a PMG was 

utilized as part of the system and an FPGA was utilized to perform the real-time emulation. This 

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



  2 
 

need of a FPGA. In [2], a synchronous motor was controlled to emulate the steady-state and 

dynamic characteristics of a GT engine. Here, the emulator system consisted of vector controlled 

synchronous motor (SM) that gets it speed reference from a model of a GT engine. This is rather 

a complicated and less adaptable system, since one of the most important criterion for good 

parameter matching is that the speed response of the SM is faster than the GT response even if 

the natural response of the synchronous motor is slower. More power must be supplied to the GT 

emulator in order for this to happen. Therefore, a power criterion for selecting an electric motor 

to emulate the characteristics of a GT prime mover must be defined in terms of the inertia ratio, 

rotating losses and the load torque [3]. 

 

 

Figure 1.1: Notional MVDC ship power system [4] 



  3 
 

This work focuses on conducting the GT-SG system emulation via simulation of both the 

GT-SG system and the AFE-INV system. The AFE is utilized to emulate the GT steady-state and 

dynamic responses, while the INV is used to emulate the SG steady-state and dynamic responses. 

In order to achieve this, parameter translation/duality between the two systems must be achieved. 

The design, implementation and results of the system design which achieves the GT-SG 

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 Next Generation 

Integrated Power (NGIPS) master plan. This system technology intends to develop power 

generation modules in three power ranges, namely: a low power level (2-5MW), a medium 

power level (10-15MW) and a main propulsion power level (20-40MW) [2]. The FSU - CAPS 

has built an experimental NLDL test bed to address the MVDC distribution system of the all-

electric-ship. The test bed consists of an AFE, INV, and NPC power electronics converters 

equipped with Digital Signal Controllers (DSC), Field Programmable Gate Arrays (FPGA) and 

their various protection components and accessories. A simulation model of the NLDL test bed 

has been built, tested, and verified. 

The MVDC system, illustrated in Figure 1.1, carries the same characteristics of a distributed 

generation system in that it is small scale and not tied into a large grid system.  The MVDC 

system also uses many power electronic converters and is subject to large load pulses that need 

to be analyzed and studied in the most realistic environment possible.  By using generation 

emulation, the effects of the non-linear loads and the switching of the power converters can be 

readily studied on the specific generator, as well as the system as a whole.  Using generator 

emulation for studies on the MVDC system leads to a more realistic approach to investigation of 

the MVDC system and allows for new control strategies to be readily tested in a much more 

practical atmosphere involving a real system in hardware [1].  

The focus of this thesis is to develop and introduce two methods of GT-SG system emulation 

using an AFE and INV power electronics converters system, and to provide duality between 

these two systems' parameters which can be utilized for hardware-in-the-loop (HIL) studies. HIL 
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refers to a form of simulation in which a particular hardware component interacts with a 

simulated environment or a mathematical model. Advanced simulation involves the use of real-

time models and HIL interface to take validation efforts one step further which introduces many 

new advantages. HIL can exist in a number of forms but most popularly including power HIL 

(PHIL) or controller HIL (CHIL). PHIL involves the use of incorporating physical power 

hardware to a simulation while CHIL refers to physically involving a controller with a simulated 

environment.  Both forms of HIL allow for more in depth validation techniques by actually 

involving the real hardware in simulation [1]. In this particular study, the CHIL methodology 

will be employed and it lays out the ground work for future PHIL implementations.   

The AFE is operated to emulate the GT dynamics, and the INV is used to emulate the SG 

dynamics. In order to accurately achieve the emulation, parameter translation/duality between 

the two systems must be achieved. Since the main focus of this work is to provide accurate 

emulation of the GT generator using power electronic converters, regardless of the system’s 

power level, all parameters will be kept in the distributed generation (DG) unit levels, primarily 

MGT generator (MGTG) systems. The smaller scale power systems carry the same 

characteristics of the MVDC system and have considerably faster dynamics, making the overall 

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

 

GT SG
torque

speed

LC
Filter

LC
Filter Load / NPC

AFE INV

3-phase
Grid power

 

Figure 1.2: GT-SG system emulation realization 
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The basics of the experimental setup and objectives are shown in Figure 1.2.  Here, the 

general idea of how the GT-SG system emulation is to be realized is illustrated. Figure 1.2 shows 

how the coupled 3-phase bridge converter, AFE-INV, set can be theoretically replaced by a non-

existent generator system.  The GT-SG system shown inside the dotted light green lines is the 

simulated system in MATLAB/Simulink® using their dynamic equations. The AFE-INV system 

shown in the light blue box is built and simulated using the components model available in 

SimPowerSystem®. In future works, the AFE-INV system will be replaced with the actual 

hardware available on the NLDL test bed, where the real-time hardware-in-the-loop studies will 

be conducted.  

The main objective of GT-SG system emulation is as follows: The AFE shown in Figure 1.2 

will be controlled to respond identically to the GT, and the INV will be controlled to respond 

identically to the SG. Essentially, the AFE-INV system will have identical behavior to that of the 

GT-SG system. In order to achieve this, parameter duality must be achieved between the two 

systems. This means that a relationship between the GT torque and speed, and the AFE dc-link 

voltage and dc-link 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 a GT-SG system via the use of power 
electronics converters 

�x Provide parameter duality/translation between the GT-SG system and the power 
electronics converters 

�x Two emulation methods are provided with each highlighting their unique advantages and 
versatility. Both methods are not limited to the power level of the GT-SG system which is 
to be emulated. Each method can be used to emulate any GT-SG system 

 

1.3 Thesis Organization 

The structure of this thesis is as follows. Chapter 2 provides a review and description of the 

MTG system along with the dynamic, synchronous frame, mathematical models for the SG and 

the transfer functions block diagrams of the split-shaft MGT as well as their full mathematical 

integration. It also provides an overview of the AFE-INV system with their block diagrams and 

parameter values.  In Chapter 3, an overview of the entire system architecture is provided along 
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with a detailed explanation of each of the two methods of emulation and their respective results 

and analysis. In Chapter 4, the experimental setup is discussed in detailed, and the results and 

analysis are provided. Finally, Chapter 5 provides the conclusion of the topics explored and 

discusses opportunities for further development and future studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  7 
 

CHAPTER TWO  

MATHEMATICAL MODELS AND DERIVATIONS  

In this chapter, a short overview of GTs and MGTs will be presented along with modeling 

methods and their transfer functions. Also, the dynamic equations and derivations for GTs and 

SGs are presented. Next, an overview of the SG will be presented along with its dynamic 

equations using the qd-axis equations in the rotor reference frame. This transformation is 

performed using the reference-frame theory (RFT). A quick review about the SG automatic 

voltage control will be provided as well. Finally, an overview of the power electronics converters 

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 of GTs and MGTs, and their classifications is provided along with an 

overview of the Brayton Cycle which is the thermodynamic cycle that describes the workings of 

the GT engine. The modeling method, transfer functions, and parameters of the GT design used 

is also provided. 

 

2.1.1 Gas Turbine Overview and Classification 

Over the years, the GT has become the premier propulsion generation system. GTs are 

compact, lightweight, easy to operate and come in sizes ranging from several hundred kilowatts 

to hundreds of megawatts. GTs require relatively low capital investment, have high operating 

flexibility, high thermal efficiency and can be used for various industrial applications. GTs can 

help provide reliable propulsion to meet the future demand using both high and low heat content 

fuels, with low emissions [5].  

There are basically three types of GTs in use. They are the single shaft, split shaft, and twin 

spool. Of these, the single shaft and split shaft are the most common in naval vessels. As a result, 

the twin spool will not be further discussed. Figure 2.1 is a block diagram of a single-shaft GT. 

The power output shaft is connected directly to the same turbine rotor that drives the compressor. 
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In most cases, there is a speed decreaser or reduction gear between the rotor and the power 

output shaft. However, there is still a mechanical connection throughout the entire engine. The 

arrangement shown is typical for the GT generator sets aboard DD-963 and CG-47 class ships 

[6].  

 

 

Figure 2.1: Single-shaft GT [6] 

In the split-shaft 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 does the usable 

work. The gas-generator turbine provides the power to drive the compressor and accessories. 

With this type of 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 and still provide 

maximum power turbine rpm. This greatly improves fuel economy and also extends the life of 

the gas generator turbine. In this thesis work, the split-shaft GT design will be used. 
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Figure 2.2: Split-shaft GT [6] 

2.1.2 Brayton Cycle Overview 

A GT engine essentially consists of the following component parts: intake, compressor(s), 

combustion chamber(s), turbine(s), and engine auxiliaries, such as fuel pump, lubrication pump, 

electrical power supply, starting gear, and control system [7]. Micro turbines, like heavy-duty 

GTs, operate based on the thermodynamic cycle known as the Brayton cycle. In this cycle, a) the 

inlet air is compressed in a radial (or centrifugal) compressor, b) fuel is mixed with the 

compressed air in the combustor and burned, and c) the hot combustion gas is then expanded in 

the turbine section producing rotating mechanical power to drive the compressor and the electric 

generator [8]. In a typical microturbine, an air to gas heat exchanger (called a recuperator) is 

added to increase the overall efficiency. The recuperator uses the heat energy available in the 

turbine’s hot exhaust gas to preheat the compressed air before the compressed air goes into the 

combustion chamber, thereby reducing the fuel needed during the combustion process [8]. In 

Figure 2.3, a visual representation of this Brayton Cycle process is provided. Here, air is 

compressed, isentropically, along line 1-2 by a compressor and it enters a combustor. At a 
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constant pressure, combustion takes place (fuel is added to the combustor and the air temperature 

raises) and/or heat gets added to air. High temperature air exits the combustor at point 3. Then air 

enters a GT where an isentropic expansion occurs, producing power. Air exits the GT at point 4. 

It should be mentioned that air at point 1 enters the compressor and the cycle is repeated [5]. 

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) acceleration 

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 inputs and results in the least 

amount of fuel to the compressor-turbine [8]. 

 

 

Figure 2.3: Brayton Cycle schematic layout [5] 
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2.1.3 Split-Shaft MGT 

As stated before, there are two different classifications of microturbines being discussed: the 

single shaft (high-speed turbine), and the split-shaft (low-speed turbine).  In the single-shaft 

configuration, the compressor, turbine, and electric generator are mounted on the same shaft. The 

turbine speed is in the range of 50,000–120,000 rpm. The frequency of the produced voltage will 

be in the range of 1500–4000 Hz. To reduce the frequency to 60 Hz, a cycloconverter is used. In 

split-shaft microturbine, the electric generator is driven through a gearbox. The gearbox is used 

to reduce the speed to 3600 rpm. Assuming a two-pole 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 two methods by which GT-SG models at all 

different power levels can be emulated, a split-shaft GT coupled to a SG was used. This is due to 

the fact that most heavy-duty GTs used in US Navy ships today operate at the lower speeds 

(Typically 3600 RPMs) and are coupled to a SG, via gearbox, and not a permanent magnet 

generator (PMG). Therefore, using a split-shaft MGT will provide a better representation of what 

is currently available on naval vessels on the heavy duty, high power scale. One of the most 

widely used GT models is Rowen's simplified mathematical representations of heavy-duty GTs 

[10]. The GT system gains, coefficients, and time constants used in Rowen’s model represent 

design and calculated values and have been verified by tests and actual field experienced. Many 

researchers have used Rowen’s model and scaled it down to represent microturbine models [8], 

but they were all based on single-shaft GTs and did not address the split-shaft GT design. This is 

mainly due to the added complexity of the system since a gearbox will have to be incorporated in 

a split-shaft design. The split-shaft microturbine system block diagram with speed and 

acceleration control shown in Figure 2.4 is used instead of the Rowen model. The parameters for 

the split-shaft microturbine used here are provided by [9] and are listed in Table 2.1. 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 two-pole SG mentioned earlier with this split-shaft GT 

that turns at 3600 RPM eliminates the need for frequency conversion. 

 



  12 
 

 

Figure 2.4: Split-shaft microturbine system block diagram with speed control [9] 

TABLE 2.1 

Microturbine Model Parameters 
Parameter Value 

Rated power (Prated-MT) 250 kW 

Real power reference (Pref) 1.0 p.u. 

Damping of turbine (Dturbine) 0.03 

Fuel system lag time constant (T1) 10.0 s 

Fuel system lag time constant (T2) 0.1 s 

Load limit time constant 3.0 s 

Load limit (Lmax) 1.2 

Maximum value position (Vmax) 1.2 

Minimum value position (Vmin) -0.1 

Temperature control loop gain (KT) 1.0 

Speed control proportional gain (KS) 10 

Speed control integral gain (Kk) 0.675 

�6�S�H�H�G���U�H�I�H�U�H�Q�F�H�����&ref) 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 with its dynamic 

equations using the qd-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 split-shaft GT-SG design is a good representation of what is currently 

used by the Navy in their ships. Thus, the single-shaft GT design will not be included in the 

simulation. PMGs are commonly used with single-shaft MGTs due to their high speed 

characteristics [12]. PMGs are typically manufactured in the kW range, with a few ranging in the 

lower MW range (6 MW). Therefore, a SG will be utilized for this work instead of a PMG. The 

SG adds another level of complexity to the system because an automatic voltage regulator 

(AVR) has to be incorporated. The AVR provides the field excitation required to sustain a 

constant output voltage on the SG. The split-shaft GT-SG 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 synchronous machines 

driven either by hydro or steam turbines or by combustion engines. Just as the induction machine 

is the workhorse when it comes to converting energy from electrical to mechanical, the 

synchronous machine is the principal means of converting energy from mechanical to electric. 

The electric and electromechanical behavior of most synchronous machines can be predicted 

from the equations that describe the 3-phase salient-pole synchronous machine [14]. 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, 3-phase, wye-connected, salient-pole synchronous machine is shown in Figure 2.5. 

The stator windings are identical sinusoidally distributed windings, displaced 120 degrees, with 

Ns equivalent turns and resistance rs as shown in Figure 2.6. The rotor is equipped with a field 

winding and three damper windings. The field winding (fd winging) has Nfd equivalent turns and 

with resistance r fd. One damper winding has the same magnetic axis as the field winding. This 

winding, the kd winding, has Nkd equivalent turns with resistance rkd. The magnetic axis of the 

second and third damper windings, the kq1 and kq2 windings, is displaced 90 degrees  ahead of 

the magnetic axis of the fd and kd winding. The kq1 and kq2 windings have Nkq1 and Nkq2 
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equivalent, respectively, with resistances rkq1 and rkq2. It is assumed that all rotor windings are 

sinusoidally distributed [14]. 

 

 

Figure 2.5: Cross-sectional view of a 2-pole, 3-phase, wye-connected, salient-pole synchronous machine [14] 

Although the damper windings are shown with provisions to apply a voltage, they are, in 

fact, short-circuited windings that represent the path for induced rotor currents. In the actual 

physical machine there are no damper windings installed, only a field winding, but in order to 

obtained the actual physical phenomenon of the generator in simulation, damper windings must 

be used. Here, the quadrature axis (q-axis) and direct axis (d-axis) are introduced in Figure 2.5 

[14]. The q axis is the magnetic axis of the kq1 and kq2 windings while the d axis is the magnetic 

axis of the fd and kd windings. These should not be confused with the q axis and d axis used in 

Park's transformation.  
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Figure 2.6: Circuit diagram of a 3-phase, salient-pole synchronous machine [14] 

Since the synchronous machine is generally operated as a generator, it is assumed that the 

direction of positive stator currents is out of the terminals as shown in Figure 2.6. With this 

convection, the voltage equations in machine variables are expressed in matrix form as 

 

�œ�Ô�Õ�Ö�æ= F� �̃æ�•�Ô�Õ�Ö�æ+ �L�Å�Ô�Õ�Ö�æ                                                                                                       (2.1)  

 

�œ�ä�×�å= F� �̃å�•�ä�×�å+ �L�Å�ä�×�å                                                                                                           (2.2)  

 

Where 

 

(�B�Ô�Õ�Ö�æ) �Í = [�B�Ô�æ �B�Õ�æ �B�Ö�æ]                                                                                                        (2.3)  

 

k�B�ä�×�åo
�Í

= [�B�Þ�ä�5 �B�Þ�ä�6 �B�Ù�×    �B�Þ�×]                                                                                            (2.4)  

 

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

windings, respectively. Both rs and rr are diagonal matrices; in particular, 

 

� �̃™= �@�E�=�C[�N�æ �N�æ �N�æ]                                                                                                               (2.5)  
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�N�å = �@�E�=�C[�N�Þ�ä�5 �N�Þ�ä�6 �N�Ù�×    �N�Þ�×]                                                                                             (2.6)  

 

In Figure 2.3 the positive as, bs, and cs are drawn in the direction of negative flux linkages 

relative to the assumed positive direction of the stator currents [14]. In this case, the flux linkage 

equations become 

 

d
�Å�Ô�Õ�Ö�æ

�Å�ä�×�å
h=  d

�x�™ �x�æ�å

(�x�æ�å) �Í �x�å
h d

F�•�Ô�Õ�Ö�æ
�•�ä�×�å

h                  (2.7)  

 

2.2.2 Reference 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 (voltages, currents, and 

flux linkages) associated with the stator windings of a synchronous machine with variables 

associated with fictitious windings rotating with the rotor. In other words, he transformed, or 

referred, the stator variables to a frame of reference fixed in the rotor. Parks transformation, 

which revolutionized electric machine analysis, has the unique property of eliminating all time-

varying inductances from the voltage equations of the synchronous machine which occur due to 

(1) electric circuits in relative motion and (2) electric circuits with varying magnetic reluctance 

[14]. Later in the 1930's, H.C. Stanley developed a transformation where rotor variables are 

transformed to a reference frame that is fixed in the stator [16]. G. Kron introduced a 

transformation of both the rotor and stator variables to a reference frame rotating in synchronism 

with the rotating magnetic field [17]. D.S. Brereton et al. employed a change of variables that 

also eliminated the time-varying inductances of a symmetrical induction machine by 

transforming the stator variables to a reference frame fixed in the rotor. This is essentially Park's 

transformation applied to induction machines [14]. 

Each transformation was derived and treated in literature until it was noted in 1965 that all 

known real transformations used in induction machine analysis are contained in one general 

transformation that eliminated all time-varying inductances by referring the stator and rotor 

variables to a frame of reference that may rotate in any angular velocity or remain stationary. All 

known real transformations may then be obtained by simply assigning the appropriate speed of 
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�U�R�W�D�W�L�R�Q�����&�������)�R�U���H�[�D�P�S�O�H�����D�W���D�Q���X�Q�V�S�H�F�L�I�L�H�G���&�����W�K�H���V�W�D�W�L�R�Q�D�U�\���F�L�U�F�X�L�W���Y�D�U�L�D�E�O�H�V���D�U�H���U�H�I�H�U�U�H�G���W�R���W�K�H��

�D�U�E�L�W�U�D�U�\���U�H�I�H�U�H�Q�F�H���I�U�D�P�H�����$�W���&��� ���������W�K�H���V�W�D�W�L�R�Q�D�U�\���F�L�U�F�X�L�W���Y�D�U�L�D�E�O�H�V���D�U�H���U�H�I�H�U�U�H�G���W�R���W�K�H���V�W�D�W�L�R�Q�D�U�\��

�U�H�I�H�U�H�Q�F�H���I�U�D�P�H�����$�W���&��� ���&r, the stationary circuit variables are referred to a reference frame fixed 

�L�Q�� �W�K�H�� �U�R�W�R�U���� �D�Q�G�� �D�W�� �&�� � �� �&e the stationary circuit variables are referred to the synchronously 

rotating reference frame [14]. The main equations for variables transformations from the abc (or 

real machine variables) to the qdo (fictitious variables) and vice versa as described by (2.8) - 

(2.12). 

 

�Œ�ä�×�4�æ=  �w�æ�Œ�Ô�Õ�Ö�æ                 (2.8)  

 

�Œ�Ô�Õ�Ö�æ=  �w�æ
�?�5�Œ�ä�×�4�æ                   (2.9)  

 

( �Œ�ä�×�4�æ) �Í = c�B�ä�æ �B�×�æ �B�4�æg                          (2.10) 

 

( �Œ�Ô�Õ�Ö�æ) �Í = [�B�Ô�æ �B�Õ�æ �B�Ö�æ]               (2.11) 

 

�w�æ =  
�6

�7

�Ï
�Î
�Î
�Î
�Í�?�K�O �à cos(�à F
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�7
) cos(�à+

�6��

�7
)

sin �à sin(�à F
�6��

�7
) sin( �à+

�6��

�7
)

�5
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�5
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�6 �Ò
�Ñ
�Ñ
�Ñ
�Ð

                     (2.12) 

 

�w�æ
�?�5 =  f

�?�K�O �à sin �à 1
cos(�à F

�6��

�7
) sin( �à F

�6��

�7
) 1

cos(�à+
�6��

�7
) sin( �à+

�6��

�7
) 1

j                                    (2.13) 

 

2.2.3 qd0 Dynamic Equations of Synchronous Generators 

The analysis of the SG is done using Park’s equations in the rotor reference frame (2.14) – 

(2.23). He was the first to incorporate a change of variables in the analysis of SGs. A more detail 

explanation of the SG and its mathematical equations is provided in [14] and [18]. The SG 

parameters were obtained from one of the predefined models existing in SimPowerSystem® of 

the MATLAB® software, and are listed in Table 2.2.  
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�R�ä�æ
�å = F�N�æ�E�ä�æ

�å +
�ñ�å

�ñ�Õ
�ð�×�æ

�å +
�L

�ñ�Õ
�ð�ä�æ

�å  

 

 
(2.14) 

�R�×�æ
�å = F�N�æ�E�×�æ

�å F
�ñ�å

�ñ�Õ
�ð�ä�æ

�å +
�L

�ñ�Õ
�ð�×�æ

�å  

 

(2.15) 

�R�Þ�ä
�•�å = �N�Þ�ä

�• �E�Þ�ä
�•�å +

�L
�ñ�Õ

�ð�Þ�ä
�•�å  

 

(2.16) 

�R�Ù�×
�•�å = �N�Ù�×

�• �E�Ù�×
�•�å +

�L
�ñ�Õ

�ð�Ù�×
�•�å  

 

(2.17) 

�R�Þ�×
�•�å = �N�Þ�×

�• �E�Þ�×
�•�å +

�L
�ñ�Õ

�ð�Þ�×
�•�å  

 

(2.18) 

�ð�ä�æ
�å = F�:�ß�æ�E�ä�æ

�å + �: �à�äkF�E�ä�æ
�å + �E�Þ�ä

�•�å o 

 

(2.19) 

�ð�×�æ
�å = F�:�ß�æ�E�×�æ

�å + �: �à�×kF�E�×�æ
�å + �E�Ù�ä

�•�å + �E�Þ�×
�•�å o 

 

(2.20) 

�ð�Þ�ä
�•�å = �: �ß�Þ�ä

�• �E�Þ�ä
�•�å + �: �à�äkF�E�ä�æ

�å + �E�Þ�ä
�•�å o 

 

(2.21) 

�ð�Ù�×
�•�å = �: �ß�Ù�×

�• �E�Ù�×
�•�å + �: �à�×kF�E�×�æ

�å + �E�Ù�×
�•�å + �E�Þ�×

�•�å o 

 

(2.22) 

�ð�Þ�×
�•�å = �: �ß�Þ�×

�• �E�Þ�×
�•�å + �: �à�×kF�E�×�æ

�å + �E�Ù�×
�•�å + �E�Þ�×

�•�å o 

 

where p represents the derivative. 

(2.23) 

As stated above, the parameters for the generator listed under Table 2.2 were obtained from 

one of the predefined models existing in SimPowerSystem® of the MATLAB® software which 

are based on real generator parameters. These generator parameters are hard to obtain otherwise 

since most manufacturers will not provide them. Since the GT model is rated at 250 kW, then the 

parameters of a 300 kVA at 0.8 PF generator available in SimPowerSystem® were used. 
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TABLE 2.2 

Synchronous Generator Parameters 

 
 

2.2.4 Automatic Voltage Regulator Overview 

As stated 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 backbone of the 

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

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

armature. The amount of excitation required to maintain the output voltage constant is a function 

of the generator load. As the generator load increases, the amount of excitation increases, and as 

the generator load decreases, the amount of excitation decreases [19]. 

The two basic kinds of excitors are the rotating exciters and the static exciters. The rotating 

exciters are either brushless or brushed. The brushless type exciters do not require slip-rings, 

commutators, brushes, and are practically maintenance free. The bushed type exciters require 

Parameter Value 

Power rating 300 kVA 

Power factor 0.8 

Rated frequency 60 Hz 

Rated voltage 460 V 

Poles 2 

Stator resistance (rs) 0.0235 p.u. 

Stator leakage reactance (Xls) 0.09 p.u. 

Unsaturated reactance (Xd) 3.22 p.u. 

Unsaturated transient reactance (Xd’)  0.21 p.u. 

Unsaturated sub-transient reactance (Xd”)  0.14 p.u. 

Unsaturated transient time (Td0’)  0.08 s 

Unsaturated sub-transient time (Td0”)  0.019 s 

Unsaturated reactance (Xq) 2.79 p.u. 

Unsaturated sub-transient reactance (Xq”)  0.38 p.u. 

Unsaturated sub-transient time (Tq0”)  0.184 s 
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slip-rings, commutators and brushes, and require periodic maintenance. The static exciters, 

meaning no moving parts, provides faster transient response than rotary excites and are either 

shunt or series type. The shunt type exciter get its operating field power from the output voltage 

of the generator, and the series type exciter get its operating field power from the output voltage 

and current of the generator [19]. 

The principles of automatic voltage control are provided by [19] as follows: Voltage 

transformers provide signals proportional to line voltage to the AVR where it is compared to a 

stable reference voltage. The difference (error) signal is used to control the output of the exciter 

field. For example, if load on the generator increases, the reduction in output voltage produces an 

error signal which increases the exciter field current resulting in a corresponding 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 a considerable 

"lag" in the control system which makes it necessary to include a stabilizing control to prevent 

instability and optimize the generator voltage response to load changes. Without stabilizing 

control, the regulator would keep increasing and reducing excitation and the line voltage would 

continually fluctuate above and below the required value. Modern voltage regulators are 

designed to maintain the generator line voltage within better than +/- 1% of nominal for wide 

variations of machine load. 

As mentioned above, the AVR for SG are either stationary or rotating rectifiers which 

produce the direct current needed for the generator field.  Loading effects on such exciters are 

significant and the use of generator field current as an input to the models allows these effects to 

be represented accurately. Several different types of excitation system models suitable for use in 

large scale system stability studies are presented in [20]. With these models, most of the 

excitation systems currently in widespread use on large, system-connected synchronous 

machines in North America can be represented. For the mathematical representation of some of 

the AVR systems that can be adapted for the synchronous generator voltage controls see 

Appendix B. 
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2.3 Power Electronics Converters 

An overview of the AFE and INV, the systems that perform the emulation, is provided in this 

section along with their circuit diagrams and large signal equations. The rating for the AFE and 

INV are also provided here.  

 

2.3.1 Active-Front End - Gas Turbine Emulating System 

AFE converters are often used in applications where bidirectional power flow between AC 

and DC systems are needed, or low current harmonics are needed. With an AFE converter it is 

possible to draw sinusoidal currents from the grid leading to very low current harmonics 

compared with diode and thyristor rectifiers. It is also possible to regulate the DC voltage, and 

boost it to a higher level than the peak rectified line voltage. Other advantages are the possibility 

of active power factor correction using the converter.  

 

Figure 2.7: Two level, three-phase AFE  

In Figure 2.7, va, vb, and vc represent the source voltages. Parameters LA and �N�Å�²  are the 

inductance and parasitic resistance values of the synchronous inductance. The system differential 

equations given in the SRF are as given in [21]. 

 

�.
�@�E�×

�@�P
= F�4�E�× + �ñ�.�E�ä + �8�× F �R�× 

 

 

(2.24) 
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�.
�@�E�ä

�@�P
= F�4�E�ä F �ñ�.�E�× + �8�ä F �R�ä 

 

 

(2.25) 

Here, �8�×, �8�ä and �E�×, �E�ä denote the supply voltages and the supply current components in d-

axis and q-axis, respectively. �R�×, �R�ä are the d-axis and q-axis voltages at the input of the rectifier 

and these formed the control inputs. 

 

�R�× =
�Q�×�8�½�¼

2
 

 

(2.26) 

�R�ä =
�Q�ä�8�½�¼

2
 

(2.27) 

 

�Q�×, �Q�× are the d-axis and q-axis switching functions. The differential equation on the dc side 

of the rectifier can be written as: 

 

�%
�@�8�½�¼

�@�P
=

3
4

k�Q�×�E�× + �Q�ä�E�äo 
(2.28) 

 

One of the biggest advantages of using an AFE to perform the GT emulation is the 

controllable dc-link voltage. As a result, the dc-link voltage can be and it is used to represent the 

GT speed, while the dc-link current is used to represent the GT torque during the emulation as it 

is shown in this document.  The two-level, three-phase AFE topology used for this work is 

shown in Figure 2.7. As can be seen here, three-phase ac-voltage is fed to the AFE and it is 

rectified into an assigned dc-link 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 the NLDL test bed 

which was designed and built by the Energy Conversion and Integration trust of The FSU - 

CAPS research facility for ship systems study purposes. 
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TABLE 2.3 

AFE Power Stage Parameters 

 

 

2.3.2 Inverter - Synchronous Generator Emulating System 

Figure 2.8 demonstrates the power stage of a 3-phase INV which includes a three-leg IGBT 

configuration and L-C filters. Thus, the linear differential equation that describes the large-signal 

dynamic behavior of this INV unit is [22]: 

 

�@�E�Å�Ì�Í�Î

�@�P
= F

�N�Å
�.

�E�Å�Ì�Í�Î F
1
�.

�R�â�Ì�Í�Î +
�8�Ü�á

2�.
�Q�Ô�Õ�Ö+

1
�.

�R�Ç�à 

 

(2.29) 

�@�R�â�Ì�Í�Î

�@�P
= F

1
�%

�E�Å�Ì�Í�Î F
1
�%

�E�â�Ì�Í�Î  
(2.30) 

where �Q�Ô�Õ�Ö are the control signal variables, L and C are the filter parameter values,  �E�Å�Ì�Í�Î  are the 

3-phase inductor currents, �R�â�Ì�Í�Î  the 3-phase output voltages, and �8�Ü�á is the input dc voltage.  

The purpose of the 2-level, 3-phase INV is to create three-phase ac voltages from dc 

voltages. The two-level, three-phase INV topology used for this work is shown in Figure 2.8. As 

can be seen here, a dc voltage (In this case, the assigned dc-link voltage obtained from the AFE) 

is fed directly to the INV. The INV, Figure 2.8, converts this dc quantity back to a desired three-

phase voltage for the load. The magnitude and frequency of the INV 3-phase output voltage can 

Parameter Value 

AFE input power 1.5 kVA 

AFE output power 1.3 kW 

AFE input voltage (line-line) 100 VRMS 

AFE output voltage 200 VDC 

AFE dc-link capacitor CA 760 µF 

AFE inductor LA 0.64 mH  

AFE inductor resistance rLA �������������Ÿ 

AFE input power 1.5 kVA 
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be varied as desired by the user. The INV ratings used here are listed under Table 2.4. As it was 

the case for the AFE, these parameters are equivalent to those on the NLDL test bed. 

 

 

Figure 2.8: Two level, three-phase 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 (line-line) 100 VRMS 

INV dc-link capacitors CB 380  µF  

INV inductor LI 0.84 mH 

INV inductor resistance rLI �����������Ÿ 

INV output capacitance C 110 µF 
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CHAPTER THREE  

SYSTEM EMULATION SIM ULATION  

Two methods which can be utilized to emulate any GT-SG system with the use of power 

electronics converters are presented here. Complete model explanations and figures are provided 

for each both methods of emulation. Also, the mathematical analysis are provided for both 

methods of emulation. Simulation results and analysis for each method is also presented.  

 

3.1 System Architecture 

The overall system architecture and basic emulation theory is illustrated by Figure 3.1. Here, 

the GT-SG system model is developed in simulation with their respective controls in the 

MATLAB/Simulink® simulation environment. The AFE-INV system is also model in simulation 

using the MATLAB/Simulink® simulation environment. As can be seen here, the speed of the 

GT's shaft is fed back into GT controls where several calculations are made, and the appropriate 

fuel necessary to create the torque required by the GT-SG system to maintain synchronous speed 

while providing the appropriate output power to the SG is provided. At the same time, this speed 

feedback, which is in per unit value, is used to create the gate signals required by the AFE to 

conduct the emulation of the GT. In a similar manner, the output voltage of the SG is fed back to 

the AVR control and it outputs the necessary field voltage for the SG to maintain a constant 

output voltage in its output. At the same time, the output voltage of the SG, which is in per unit 

value, is used to create the gate signals required by the INV to conduct the emulation of the SG. 

As shown in Figure 3.1, load changes are made simultaneously to the load connected to the 

output of the SG and the load connected to the output of the INV.  

It is important that the GT-SG system be modeled in the per unit system to allow for 

emulating of all GT-SG systems regardless of their respective power levels. The AFE-INV 

system can be modeled in either the real-value system or the per-unit system since it is used to 

conduct the emulation, but load changes must be equivalent to the per-unit load change that is 

made to the GT-SG system. In this work, the AFE-INV system was modeled in the real-value 

system to represent those values of the NLDL test bed. Section 3.2 provides a more detailed 

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

 

3.2 First Method of Emulation 

The first method of emulation which can be utilized to emulate any GT-SG system with the 

use of power electronics converters is presented here. Complete model explanation, figures, and 

mathematical analysis are provided. Simulation results and analysis for this method is also 

presented here. 

 

3.2.1 Model Explanation and Equations 

The system diagram of the first emulation method studied is shown in Figure 3.2. In this 

method, the GT-SG module and the AFE-INV module are mechanically and electrically 

decoupled from each other. Controls are setup for the GT-SG model, and their control signals are 

used to provide the switching commands for the AFE-INV model. The GT and SG are modeled 
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as previously described. As can be seen in Figure 3.2, the input for the SG and the INV is 

mechanical power and dc electrical power, respectively. The 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�À�Í = �6 �Û �ñ�å (W) 

 

(3.1) 

�2�º�¿�¾= �8�×�Ö�Û �+�×�Ö (W) 

 

(3.2) 

The GT output torque (T) and speed (�&r) are fed to the SG model. �&r 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. �&r 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 from the GT to 

produce electrical power. The SG output voltage (VoabcSG) is maintained constant by using an 

AVR. The AVR provides the required field excitation for the rotor in order to maintain the 

desired output voltage magnitude. VoabcSG is also utilized to provide the switching signals for the 

INV, where the SG emulation takes place. The required input dc voltage (Vdc) and current (Idc) 

for the INV are provided by the output of the AFE. The AFE is fed with a constant 3-phase 

voltage from the grid. The GT-SG is modeled in per unit (p.u.) since most GT parameters found 

in literature are provided in the p.u. system. The AFE-INV is model using real values, as denoted 

in Figure 3.1, to match those values currently available in the NLDL test bed. The NLDL test 

bed is equipped with a NPC converter which is connected at the output of the INV. The NPC is a 

power factor corrector and also regulates the dc-link voltage at its output. Since the NPC is a 

power factor corrector, then the load from the SG and INV point of view will appear to be 

resistive regardless of nonlinearities that it may contain. Therefore, for the purpose of this work, 

the loads connected to the SG and INV are modeled as resistive loads.  

In order to provide proper SG emulation via the INV, parameter translation/duality between 

these two systems must be established. This can be achieved via a parameter gain or equation or 

both. The INV acts like a non-inverting buffer. Thus, only a gain is needed on the signal 

commands to provide the parameter duality. The switching commands for the INV,�Q�Â�Ç�Ï, are 

provided by VoabcSG. The relationship between �Q�Â�Ç�Ï and VoabcSG is established by (3.3). 
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�Q�Â�Ç�Ï= �) �Û �8�â�Ô�Õ�Ö�Ì�À (p.u.) (3.3) 

 

where the parameter gain G is a function of the amplitude of the abc signals which achieve the 

rated output voltage when the INV has its own controls under AFE-INV normal operation. This 

value will be illustrated in the next subsection.  

As stated, �&r is utilized to provide the switching commands for the AFE. Unlike the INV, the 

AFE acts like an inverting buffer or an inverse look-up table, meaning that lower switching 

signal values return a higher output voltage and the higher signal values return a lower output 

voltage. Taking this into consideration, a simple gain will not suffice. As a result, an equation is 

used. The equation for the AFE switching commands which provides the parameters duality is 

given by (3.4). 

 

 
Figure 3.2: Overall system setup (first method of emulation) 
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�Q�º�¿�¾= �- �@�A(�P) +
�5

�Í �Ô
�ì �A(�ì) �@(�ì)

�ç

�4
�A (p.u.) 

 

Where 

 

�A(�P) = (�ñ�å F �8�×�Ö) (p.u.) 

(3.4) 

 

 

 

(3.5) 

 
Here, �Q�º�¿�¾  is the equation of a PI controller (translator) where K is the proportional gain of 

the translator, �6�Ü is the integral gain of the translator, and �A(�P) is the error calculated (3.5). As 

shown by Figure 3.2 and (3.5), the error equation, �A(�P), is a function of the speed of the GT and 

the dc-link voltage of the AFE. Here, the AFE dc-link voltage, Vdc, is converted to per unit value 

by dividing it by the rated dc-link voltage, Vdc rated, and it is subtracted from the speed of the GT, 

�&r. This error is passed through the PI and it is corrected. In order to provide In this setup, the 

output of the inverter is completely opened-loop, but the output of the AFE is in a closed-loop. 

The reason that the AFE output is in a closed-loop is to further improve the emulation during the 

transients and dynamics events.  

 

3.2.2 Simulation Results and Analysis 

As stated before, the parameter gain G is a function of the amplitude of the abc signals which 

achieve the rated output voltage when the INV has its own controls under AFE-INV normal 

operation. Upon simulating the AFE-INV system with its own controls under normal operation, 

the value of G was found to be 0.8 p.u. This value is illustrated in Figure 3.3. 

The system shown in Figure 3.2 was developed and simulated using MATLAB/Simulink® 

and SimPowerSystems®. As 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 has the following 

loading conditions: �$�W�� �W�L�P�H�V�� ������ �����V���� �D�Q�G�� �����V�� �W�K�H�� �,�1�9�� �L�V�� �O�R�D�G�H�G�� �Z�L�W�K�� ������ �Ÿ���� ������ �Ÿ���� �D�Q�G�� ������ �Ÿ����

respectively. At the same time, 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 to reach stability. The 

GT and SG contain very slow dynamics which leads to longer transients events. Therefore, it 

must be given enough time to reach steady-state conditions before applying step-load changes. 

Otherwise the system will not be able to reach stability.  

 



  30 
 

 
Figure 3.3: INV switching signals (�Q�Â�Ç�Ï) obtained when the AFE-INV model is run during normal operation under 
closed-loop control 

 

For this part of the experiment, the setup shown by Figure 3.2 was simulated and yielded the 

results illustrated in Figures 3.4 – 3.9.  As it is shown here, the AFE-INV system performs well 

in conducting the emulation of the GT-SG system. Figure 3.4 and Figure 3.5 illustrate the GT 

speed (�Zr) vs the AFE dc-link voltage (Vdc), and the GT torque vs AFE dc-link current (Idc) 

during load step changes applied to the simulation model, respectively. As seen in Figure 3.4, the 

GT speed and Vdc are identical in shape with very small errors in amplitude and transient 

response. Slightly larger delays and amplitude errors are noticed in Figure 3.5, but the emulation 

appears to be very successful. Although there are small variations between the AFE and the GT, 

the system response is is quite adequate. Thus, it indicates that the AFE was able to succesfully 

emulate the GT. Since the GT-SG model has slow dynamics, and the AFE-INV model has 

relatively fast dynamics for high frequency switching, these small delays and amplitude 

differences can be further imrpoved with the better controller tuning. These differences can be 

further improved by providing a feedback loop between the AFE-INV system output and the GT-

SG system, and it will be shown by the second method.  
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Figure 3.4: GT speed vs AFE dc-link voltage (Vdc) obtained from the first emulation method simulation 

 

 
Figure 3.5: GT torque vs AFE dc-link current (Idc) obtained from the first emulation method simulation 
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Figure 3.6 shows the magnitude of the SG voltage (|VSG|) vs the INV voltage(|VINV |), and 

Figure 3.7 shows the SG current (|ISG|) vs INV current (|IINV |). In Figure 3.6, very smalls delays 

and amplitude differences are observed during the transient events, and it is extremely accurate 

during the stead-state events. Overall, the emulation of the SG voltage via the INV voltage is 

very succesful. In Figure 3.7, small delays and amplitude differences are noticed during the 

transient events, but overall the emulation of the SG 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, Idc 

experiences some spikes. This is due to the fact that the converters have a much faster dynamics 

response. Hence, the system reacts quickly to the step load changes but corrects itself very fast. 

Figure 3.8 illustrates the GT power vs AFE power, and Figure 3.9 illustrates the SG power vs the 

INV power. Again, it is noted that there are very small delays and amplitude differenecs during 

the transient events between the GT-SG variables and the AFE-INV variables, but one can 

conclude that the AFE-INV provides an accurate emulation of the GT-SG during all transient 

events and steady states. Improvements to these results are possible through better controller 

tuning or the use of more sophisticated controls 

 

 
Figure 3.6: Magnitude of the SG voltage (|VSG|) vs magnitude of the INV voltage (|VINV |) obtained from the first 
emulation method simulation 
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Figure 3.7: Magnitude of the SG current (|ISG|) vs magnitude of the INV current (|IINV |) obtained from the first 
emulation method simulation 
 

 
Figure 3.8: GT output power vs AFE output power obtained from the first emulation method simulation 
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Figure 3.9: SG output power vs INV output power obtained from the first emulation method simulation 
 
 

3.3 Second Method of Emulation 

The second method of emulation which can be utilized to emulate any GT-SG system with 

the use of power electronics converters is presented here. Complete model explanation, figures, 

and mathematical analysis are provided. Simulation results and analysis for this method is also 

presented here. 

 

3.3.1 Model Explanation and Equations 

In the second method, the AFE-INV system is in a closed-loop in its entirety with the GT-SG 

system. The AFE and INV act as amplifiers here. As seen in Figure 3.10, the output voltage of 

the INV (VabcINV) is converted to per-unit and is provided as input to the AVR control. Here, 

VoabcSG is utilized to provide the switching signals for the INV as described by (3.6).  

 

0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6
S

G
 p

ow
er

 v
s 

IN
V

 p
ow

er
 (p

.u
.)

Time (s)

 

 
SG power
INV power

�Q�Â�Ç�Ï= �) �Û �8�â�Ô�Õ�Ö�Ì�À (3.6) 
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Here, the parameter gain G is a function of the amplitude of the abc signals which achieve the 

rated output voltage when the INV has its own controls under AFE-INV normal operation, just 

as it was the case for the first method of emulation. 

The switching commands for the AFE are provided by (3.7). VoabcINV is passed through a PLL 

where the frequency (�&) is extracted and converted to per unit. �& is fed back to the GT controls 

where it regulates the output of the GT using its governor control. �&r is subtracted from the per 

unit value of Vdc where an error (3.8) is calculated. Then, this error is passed though a PI which 

is described by (3.7).  

 

 
Figure 3.10: Overall system setup (second method of emulation) 

�Q�º�¿�¾= �- �@�A(�P) +
�5

�Í �Ô
�ì �A(�ì) �@(�ì)

�ç

�4
�A (p.u.) 

 

Where 

 

�A(�P) = �ñ�å F �8�×�Ö (p.u.) 

 

(3.7) 

 

 

 
 

(3.8) 
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In equation 3.7, K is the proportional gain of the translator, �6�Ü 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(�P), is a function of the frequency of the output voltage of the INV and the dc-link voltage of 

the AFE. Here, the AFE dc-link voltage, Vdc, is converted to per unit value by dividing it by the 

rated dc-link voltage, Vdc rated, and it is subtracted from the frequency of the output voltage of the 

INV, �&, which is obtained in per unit value by the PLL. Here, we do not need to subtract this 

quantity from a constant value of 1, as 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 3.10 was developed and simulated using MATLAB/Simulink® 

and SimPowerSystem®. As can be seen here, the load can be represented as a purely resistive 

load since the NPC is a power factor corrector as it is the case for the first method. The same 

loading conditions that were applied to the first method are applied to this second method for 

comparison reasons. Again, a�W���W�L�P�H�V�������������V�����D�Q�G�������V���W�K�H���,�1�9���L�V���O�R�D�G�H�G���Z�L�W�K���������Ÿ�����������Ÿ�����D�Q�G��������

�Ÿ���� �U�H�V�S�H�F�W�L�Y�H�O�\����At the same times, 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 to reach stability. The 

GT and SG contain very slow dynamics which leads to longer transients events. For that reason, 

it must be given enough time to reach steady-state 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 illustrated in Figures 

3.11 – 3.16. Here, one can see that the AFE-INV model emulation of the GT-SG transient 

response is improved. The AFE and INV are able to accurately emulate the GT-SG transient 

events during the startup loading conditions, steady-state conditions, and during the load step 

changes with lower amplitude errors. It must be noted that a lot more time was dedicated in the 

first method of emulatio, and that this second method of emulation needs further investigation. 

The improvement provide by this second method is due to the fact that it is a closed- loop system 

in its entirety. In a closed-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 improved by tuning the 

K and �6�Ü gains of the translator or by providing more sophisticated controls. These gains can be 

adjusted so that the system can provide a faster response, thereby further improving the transient 
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response and stability of the system. As can be seen in Figure 3.12, during the step load changes 

at times 35s and 70s, Idc experiences some spikes which is also reflected in AFE power graph, 

Figure 3.15. This is due to the fact that the converters have a much faster dynamics response. 

Therefore, the system reacts quickly to the step load changes but corrects itself very fast. 

In Figure 3.11, one can see that the Vdc emulates the GT speed with very little delays and 

amplitude differences. In Figure 3.12, is observed that Idc experiences less overshoots that it did 

in the first method of emulation. In Figure 3.13 and Figure 3.14, VSG vs VINV and ISG vs IINV are 

illustrated, respectively. Here, one can see that the INV accurately emulates the SG performance 

with very little delay and amplitude differences. In 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 the GT vs AFE and the power 

of the SG  vs INV are illustrated, respectively.  Here, one can see that the AFE-INV provides a 

very accurate emulation of the GT-SG. This is true regardless of the power level GT-SG and the 

loads that are applied to it. Controller tuning is very important in this method, since it is a close 

loop system between two very different dynamic systems. Again, this method needs further 

investigating and it's expected to provide better results once the controllers are fine tuned. 

 

 
Figure 3.11: GT speed vs AFE dc-link voltage (Vdc) obtained from the second emulation method simulation 
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Figure 3.12: GT torque vs AFE dc-link current (Idc) obtained from the second emulation method simulation 

 

Figure 3.13: Magnitude of the SG voltage (|VSG|) vs magnitude of the INV voltage (|VINV |) obtained from the 
second emulation method simulation 
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Figure 3.14: Magnitude of the SG current (|ISG|) vs magnitude of the INV current (|IINV |) obtained from the second 
emulation method simulation 
 

 
Figure 3.15: GT output power vs AFE output power obtained from the second emulation method simulation 
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Figure 3.16: SG output power vs INV output power obtained from the second emulation method simulation 

 
 

As mentioned above, this method provides better results with less overshoots during the 

transient events since it is a closed-loop system in its entirety. The closed-loop system allows for 

faster error calculation and correction, thereby allowing the system to respond faster during load 

changes and fluctuations. The drawbacks to this method are that controller tuning is more critical 

and it does not allow for individual component testing of the system. Far more effort and time 

was spent in the implementation of the first method of emulation and as it is shown by the 

results, the second method was able to provide slight improvement without needing to be 

perfected. Further analysis and testing will be conducted for this method in future works. 
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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 any GT-SG system with the use of power electronics converters were tested using a 

CHIL approach, and are presented here. Complete experimental setup explanation is provided 

and the results obtained are illustrated and analyzed in this section. 

 

4.1 CHIL Experimental Setup 

The first and second methods of emulation which were illustrated, explained, and simulated 

in Chapter 3, are developed and tested in real-time using a CHIL approach. Here, a rapid 

prototyping controller in conjunction with a real-time simulator will be utilized to conduct the 

CHIL test. The dSPACETM rapid prototyping controller (RPC) was selected due to the familiarity 

with MATLAB/Simulink and it was readily available for use. The dSPACETM RPC unit is an 

ACE1103, which is equipped with digital I/O, ADC and DACs. The RPC is connected via 

shielded BNC cable to the RTDSTM connection point shown in Figure 4.1 and Figure 4.2. The 

RPC utilizes a PowerPC 750GX 1GHz processor and has a system wide operating time step of 

5�����V���� �7�K�H��GT-SG system and controls are instantiated via development in the 

MATLAB/Simulink environment and is compiled for use in the DSP via MATLAB’s real-time 

interface. Experimental scenarios and data extraction are accomplished via the dSPACETM 

Control Desk environment. The system is illustrated in Figure 4.1 [23]. As shown in Figure 4.3, 

The GT-SG system and controls will be modeled in MATLAB/Simulink and employed in 

dSPACETM. This model is calculated by dSPACETM �D�W���D���W�L�P�H���V�W�H�S���R�I�����������V�� 

The RTDSTM (real-time digital simulator) was chosen as the computational engine for real-

time simulation of the AFE-INV system as shown in Figure 4.3. RTDSTM can perform 

calculations at a much faster rate than dSPACETM. As a results, it is preferred to employ the 

switching models in it. The RTDSTM system available at the CAPS. The system consists of 14 

racks, where the racks that were utilized contain 5 GPC cards that each contain two 750GX 

RISC-based processors. This model is calculated by RTDSTM �D�W���D���W�L�P�H���V�W�H�S���R�I�� � �� �� � � �s. RTDSTM 

receives the duty cycles from dSPACETM via the laboratory interface through BNC cables [23]. 
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Figure 4.3, and the PWMs are created in RTDSTM and provided to the AFE-INV switches. The 

AFE-INV results gathered in RTDSTM are sent back to dSPACETM where they are gathered and 

plotted. 

 

 
Figure 4.1: dSPACETM RPC [23] 

 

 
Figure 4.2: RTDSTM (left) and laboratory interface (right) [23] 
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Figure 4.3: CHIL methodology employed for real-time testing via dSPACETM and RTDSTM  

 

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 4.3. Here, the GT-SG system and their controls were developed  in 

MATLAB/Simulink and employed in the dSPACETM RPC. The dSPACETM model creates the 

duty cycles (�Q�º�¿�¾ and �Q�Â�Ç�Ï) for the AFE-INV system, and receives the AFE-INV 

information/results (�8�Ô�Õ�Ö�º�¿�¾, �8�Ô�Õ�Ö�Â�Ç�Ï, �8�×�Ö, �+�×�Ö, and �+�Ô�Õ�Ö�Â�Ç�Ï) from RTDSTM for data capturing and 

illustration purposes. RTDSTM also allows for data capturing and illustration through their user 

interface software, RSCAD. RSCAD is a user-friendly interface used to create a working 

environment familiar to the power system engineer. This software is the main interface with the 

RTDSTM hardware and is designed to allow the user to perform all of the necessary steps to 

prepare and run simulations, and to analyze simulation results. RSCAD provides the ability to set 

up simulations, control, and modify system parameters during a simulation, data acquisition, and 

result analysis [24]. This is the software that is utilized to create the AFE-INV system and 

compile it into the RTDSTM hardware. 

As stated above, the GT-SG system was employed in the dSPACETM RPC with their 

respective controls. This model is executed by the dSPACETM �K�D�U�G�Z�D�U�H���D�W���D���W�L�P�H���V�W�H�S���R�I�����������V����

The AFE-INV system was employed in the RTDSTM hardware and it was executed at a time step 

�R�I�� ������ ���V����The same loading scenarios that were applied to the system during simulation, was 

applied during the CHIL experimentation. The loading scenario is as follows: at times 0s, 35s, 

�D�Q�G�������V���W�K�H���,�1�9���L�V���O�R�D�G�H�G���Z�L�W�K���������Ÿ�����������Ÿ�����D�Q�G���������Ÿ�����U�H�V�S�H�F�W�L�Y�H�O�\�����$�W���W�K�H���V�D�P�H���W�L�P�H�V�����W�K�H���6�*��

was loaded with 1.8 p.u., 3.6 p.u., and 1.8 p.u., respectively. The setup shown by Figure 4.3 was 

executed and yielded the results are illustrated in Figures 4.4 – 4.9. As can be seen in Figure 4.4, 

the AFE is able to emulate the GT during the steady-state events. During the transient events it 
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provides a very good emulation with slight variations in amplitudes and delays. In Figure 4.5, we 

can see that the Idc provides a good emulation of the torque, but not as good as the Vdc did of the 

speed. This is due to the simple controls that were utilized which required better tuning. In future 

works, more sophisticated controls will be utilized for the AFE and they will be fined tuned by 

utilizing a computational method that optimizes the response of the system such as a Particle 

Swarm Optimization (PSO) technique. This will improve the reactions and settling time of the 

AFE controller and improve the GT emulation results. Also, achieving faster time-steps on the 

dSPACETM and RTDSTM 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 with extremely 

low delays and amplitude errors. The INV shows good response during the steady-state and 

transient events. In Figure 4.7, the magnitude of the SG current vs the magnitude of the INV 

current is illustrated. Here, |IINV | provides a very accurate emulation of |ISG|, with little delays and 

amplitude errors. Figure 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 GT-SG system.  

 

Figure 4.4: GT speed vs AFE dc-link voltage (Vdc) obtained from the first emulation method CHIL experimentation 
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Figure 4.5: GT torque vs AFE dc-link current (Idc) obtained from the first emulation method CHIL experimentation 

 

Figure 4.6: Magnitude of the SG voltage (|VSG|) vs magnitude of the INV voltage (|VINV |) obtained from the first 
emulation method CHIL experimentation 
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Figure 4.7: Magnitude of the SG current (|ISG|) vs magnitude of the INV current (|IINV |) obtained from the first 
emulation method CHIL experimentation 
 

 
Figure 4.8: GT output power vs AFE output power obtained from the first emulation method CHIL experimentation 
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Figure 4.9: SG output power vs INV output power obtained from the first emulation method CHIL experimentation 
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applied during the CHIL experimentation. The setup shown by Figure 4.3 was executed and 

yielded the results are illustrated in Figures 4.10 – 4.15. As can be seen in Figure 4.10 and 4.11, 

the AFE is able to emulate the GT during the steady-state events, but it is not as accurate during 

the transient events. This is mainly due to the fact that simple controls were utilized which 

required better tuning. Also, achieving a faster time-step can better improve the overall results. 

In future works, more sophisticated controls will be utilized for the AFE and a faster time-step 

will be achieved. The simulation results for the second method of emulation showed very good 

results and improvements over the first method of emulation, but as can be seen in Figures 4.4 

and 4.5, and Figures 4.10 and 4.11, the first method of emulation provided better results than the 

second method of emulation during the CHIL experimentation. This is mainly because the 

second method of emulation requires much better tuning than the first method since it is a 

closed-loop system in its entirety. These results can be further improved by providing better 

controls for the AFE and also by providing better tuning of the controller. As mentioned before, 

this method requires further study and analysis. Therefore, improvements can be further achieved 

once better controller tuning are achieved. 

  

 
Figure 4.10: GT speed vs AFE dc-link voltage (Vdc) obtained from the second emulation method CHIL 
experimentation 
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Figure 4.11: GT torque vs AFE dc-link current (Idc) obtained from the second emulation method CHIL 
experimentation 
 

 
Figure 4.12: Magnitude of the SG voltage (|VSG|) vs magnitude of the INV voltage (|VINV |) obtained from the 
second emulation method CHIL experimentation 
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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 seen here, the INV provides an accurate emulation of the SG with low 

delays and amplitude errors. The INV shows good response during the steady-state and transient 

events. In Figure 4.13, 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 the INV is also observed. 

Again, these results can be improved by providing better tuning for the AFE controls. Figure 

4.14 illustrates the GT power vs the AFE power. Once again, one can see that the AFE provides 

an accurate emulation during the steady-state events, but struggles a bit during the transient 

events. In future works, a more fine-tuned 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 see that the INV 

provides an accurate emulation of the SG. These will also be improved by fine tuning the AFE 

controls since they seemed to affect the performance of the inverter due to it being a closed-loop 

system. Further testing and analysis will be conducted for this second method of emulation as 

part of future works. 

   

 
Figure 4.13: Magnitude of the SG current (|ISG|) vs magnitude of the INV current (|IINV |) obtained from the second 
emulation method CHIL experimentation 
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Figure 4.14: GT output power vs AFE output power obtained from the second emulation method CHIL 
experimentation 
 

 
Figure 4.15: SG output power vs INV output power obtained from the second emulation method CHIL 
experimentation 
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CHAPTER FIVE 

CONCLUSION AND FUTUR E WORK  

 

5.1 Conclusion  

As was demonstrated, gas turbine generator system emulation is very much achievable and a 

very useful tool for studying such systems. This study was concentrated on providing the 

emulation for GT-SG systems, but it can be expanded to include all types of prime movers and 

generators as long as the mathematical equations and systems parameters are attainable. Also, 

this work can be expanded to conduct the emulation using different power electronics converters 

structures. 

The objective of this work of providing a translation/duality between an expensive, high 

maintenance and bulky GT-SG system, and a less expensive, easy to implement and compact 

AFE-INV power electronics systems through emulation methodologies was achieved. Two 

methods which can be utilized to emulate any GT-SG system with the use of power electronics 

converters, regardless of power level, were presented. As the simulation results showed, the 

results obtained during the CHIL implementation can be further improved by implementing more 

sophisticated controls and better controller parameter tuning. The controller used for the AFE in 

this work was chosen to be simplistic in an effort to provide a more cost effective solution. The 

more complicated controls will provide better results, but they are also more computationally and 

economically expensive. The INV control was much simpler and easier to implement since the 

INV in this work acts very much like an amplifier. As seen by the simulation and CHIL results, 

the INV provided very accurate emulation of the system with little delays. It's performance is 

somewhat affected by the performance of the AFE. Therefore, improving the AFE controls will 

provide further improvement to the INV performance.  

The first method of emulation is not entirely closed loop. The only connections between the 

GT-SG system and the AFE-INV system are the control signals which are created directly from 

the GT-SG system controls, and the AFE dc-link voltage feedback which creates a closed-loop 

system between the AFE and the GT. The INV is entirely opened-loop in this setup. This first 

method provides a very good emulation of the entire system, and it is a great emulation and 
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testing model since it does not require any output voltage or current feedback from the system. It 

is also a great method for conducting quick and reliable prototyping of the system. This model 

allows for individual testing of each component of the system, meaning that each machine can be 

emulated and tested separately from the other. In other words, the GT can be tested and emulated 

completely separate from 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 the GT-SG model and the AFE-INV model in its 

entirety. This allows for faster response and less overshoots during transients, and provides a 

very accurate emulation of the GT-SG model. It allows for a more detailed prototyping and 

dynamics performance of the system. This model does not allow for individual testing of each 

component of the system as was the case for the first method since the GT-SG model requires 

the feedback loop from the AFE-INV model output voltage. The second method is also more 

sensitive to the AFE controller parameters. Consequently, the tuning of the AFE controls become 

a very important aspect of this method, but it also allows for providing greater results once more 

sophisticated controls are implemented. Also, this model requires further testing and analysis. 

As stated before, the results of this work can also be further improved by increasing the 

speed of communication between the two systems. The maximum speed that was achieved by 

the dSPACETM �X�Q�L�W���Z�D�V�����������V���D�Q�G���W�K�H���P�D�[�L�P�X�P���V�S�H�H�G���D�F�K�L�H�Y�H�G���E�\���W�K�H���5�7�'�6TM �X�Q�L�W���Z�D�V�����������V����

The switching frequency of the system is 10 �N�+�]�� ���������� ���V������ �7�K�H�� �5�7�'�6TM unit is capable of 

�F�R�P�S�X�W�L�Q�J���D�W���������V���D�Q�G���W�K�H���G�6�3�$�&�(TM �X�Q�L�W���D�V�����������V�����7�Kus, there is much room for improvement 

in this area.  

Overall, this work was a success and lays out the foundation for future PHIL studies of the 

GT-SG system emulation. It also provides the ground work for conducting gas turbine generator 

emulation using different structures of power electronics converters by providing the duality 

between the parameters of both systems. As shown in this document, a dual relationship (duality) 

was established between the following variables:  

�x GT speed and the AFE dc-link voltage 

�x GT torque and the AFE dc-link current 

�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 explored. The NLDL test bed is set up for testing of two GT-

SG units. Gas turbine control strategies, as well as generator control strategies can be 

implemented to test system compatibility and topics such as load sharing and load response can 

be tested. On load sharing, one can study the system’s response where sudden loads are added or 

removed from the system. Also, the system response when a GT-SG unit is added to the system 

or removed from the system can be studied. Scenarios where faults occur in the systems can be 

studied as well as extreme scenarios where a GT-SG unit suddenly has a power failure and is 

disconnected from the system can be studied.   

The research can be expanded to include all types of prime movers and generators as well as 

to conduct the emulation using different power electronics converters structures. Continuation of 

this work will include a GT-SG system modeled at the current naval ship's power distribution 

level as well as the New Generation Integrated Power Systems (NGIPS) that the Navy is 

proposing.  

The next phase of this work will include fine tuning of the AFE and INV controls to further 

improve the emulation of the GT-SG system via both methods of emulation. The controllers can 

be fined tuned by utilizing a mathematical method or a computational method that optimizes the 

response of the system such as a Particle Swarm Optimization (PSO) technique. This will 

improve the dynamics, transient, and settling time of the controllers and improve the overall 

emulation results of the system. Other solutions that will be further investigated are to implement 

more sophisticated controls which are more computationally heavy, but which can improve 

provide further improvement to the overall results. Also, achieving faster time-steps on the 

dSPACETM and RTDSTM units would provide more accurate results as well. Therefore, system 

optimization will be further investigated in an effort to improve the overall system computational 

rate.  Furthermore, the next phase of this work allows for proceeding from the CHIL study to the 

PHIL study using the NLDL test bed that was put together by the ECI trust at the FSU - CAPS 

facility. One of the key factors in conducting the PHIL study is achieving a very fast data transfer 

speed and computational rate since a switching frequency of 10 kHz must be attained. Fast 

communication links between the NLDL test bed and the controller hardware will be further 

investigated 
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APPENDIX A  

NON-LINEAR DYNAMIC LOADS  TEST BED 

 

The NLDL Test Bed was developed within the Energy Conversion and Integration research 

thrust at CAPS. One of the main focuses of the test bed is to investigate the MVDC system of the 

Navy’s AES research. The NLDL Test Bed is a small scale mock up of this system and it is 

shown in Figure A.1 [1]. As can be seen here, the input power from the grid is first introduced to 

the AFE-INV converter combination. The physical NLDL Test Bed is depicted in Figure A.2. As 

shown here, there are two identical cabinets holding the components shown in Figure A.1.  This 

gives the possibility of testing two generator systems supplying power to a shared DC bus.  This 

topology is consistent with the MVDC structure shown in [4] without use of any auxiliary 

generators. 

 

 

Figure A.1.  Diagram of NLDL Test Bed [1] 
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Figure A.2.  Physical picture of NLDL Test Bed with description of shelf contents [1]. 
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APPENDIX B 

AVR MATHEMATICAL MOD EL REPRESENTATION S  

 

 
Figure B.1.  Type AC4A - Alternator supplied controlled-rectifier exciter [20] 

 

 
Figure B.2.  Type AC5A - Simplified rotating rectifier excitation system representation [20] 

 



  58 
 

 
Figure B.3.  Type ST1 - Static exciter AVR system [25] 

 

 
Figure B.4.  Simplified AC exciter model [26] 
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