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Abstract
Nowadays, with the help of fast computers, digital simulation has become an important method for research in power systems. The accuracy of the mathematical models and the robustness of the numerical method in use dictate the validity of the simulated results. Therefore, digital simulation sometimes will suffer from problems such as numerical oscillation. At the same time, even though mathematical models of diverse devices are well developed, many users of digital simulation tools tend to simplify or ignore critical conditions, which leads to scenarios with impractical and unrealistic simulation parameters. Furthermore, in spite of a sophisticated design methodology, the inner defect of an equipment or a system cannot be detected or noticed without field testing.
All of the above reasons stimulate the development of various testing facilities. However, these facilities are mostly aimed at low voltage or medium voltage microgrid or smart grid systems. No development of a more complicated or representation of a higher voltage power system testing facility has been reported yet. The bottleneck of such a platform mainly lies in the high cost of building a high-voltage high-power system, and the difficulty of scaling machines.
Power hardware-in-the-loop (PHIL) has been proposed to bridge the gap between simulation and testing. In this concept, programmable converters are utilized to serve as power amplifiers to interface digital simulation and real testing. This method has solved the difficulty of scaling machines, and been used in various applications. The scope of testing in most PHIL systems are, however, very vague because of two reasons. First, only normal conditions, such as steady-state or small disturbances are considered in emulation. Second, accuracy evaluation of a PHIL is rather difficult, since its input signals resulting from the original system response is actually unavailable. Therefore, no detailed discussion of error is included in previous PHIL systems as long as they can roughly represent the emulated target.
Based on the PHIL concept, a hardware test-bed (HTB) composed solely by power electronic converters has been developed at the University of Tennessee to emulate power grids. The main work of this proposal is to develop a synchronous generator emulator in the HTB for the purpose of power system research. In order to ensure correct behavior of an emulated power system, fidelity of the generator emulators has to be taken into consideration. At the same time, fault analysis is one of the major research areas in power systems, and a generator emulator capable of emulating fault behavior is then required. The work in the proposal is carried out in the following aspects:
· Models of synchronous generators are studied and compared, and an interface algorithm of the generator PHIL is proposed.
· A voltage controller with reference feed-forward and current feed-forward is proposed to decrease the converter output impedance.
· Accuracy of the emulation is evaluated based on transfer function perturbation (TFP) method.
· The HTB is verified by comparing the experimental results and simulation results in two difference cases.
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[bookmark: _Toc406676466]Introduction
This chapter starts with the introduction of development of power system research tools. Their advantages and disadvantages are discussed.
[bookmark: _Toc406676467]Miniature Systems
In the beginning of the 20th century, power system research on power flow calculation and stability analysis with manual methods became more difficult and tedious, because of the increasing complexity of the power grid with more devices and nodes. To help the study on power systems, in the early 1920s, miniature systems with small three-phase generators, loads, and artificial transmission lines are built to investigate the power flow characteristics with multiple generators. Two example systems used 3.75 kVA, 440V, and 200-600 kVA, 2.3 kV machines respectively [1]-[2]. Although the transmission line and load parameters can be scaled down to the laboratory application precisely by using corresponding components with smaller ratings, the same thing does not apply to rotating machines, because the ratio of machine inertia to frictional loss does not scale. At the same time, high cost on large machines also constrained the application of experiments on real systems.
[bookmark: _Toc406676468]AC Network Analyzer
In 1929, an AC network analyzer was first introduced and demonstrated by MIT and GE [3]. The network analyzer utilized phase-shifting transformers to represent synchronous generators, scaled down resistors, inductors, and capacitors to represent transmission lines and loads in single phase. It was designed to run at 200 V, 0.5 A, and a frequency higher than 60 Hz, such as 440 Hz or 480 Hz to reduce the size of the components. One of the AC network analyzers, located at Cornell, is shown in Fig. 1‑1. The network analyzer was applied to general calculation of load flow and fault events, but the absence of machine mechanical models limited its capability to simulate electromechanical dynamics. The analyzer was widely used until the late 1960s, replaced by powerful digital computers because of its bulkiness, high cost, difficulty on reconfiguration, and limitation on the bus numbers that can be simulated. 
[image: http://atomictoasters.com/wp-content/uploads/2013/08/Cornell-Power-Network-Calculator.jpg]
[bookmark: _Ref406675756]Fig. 1‑1. Cornell AC Network Analyzer, photo reproduced from [4].
[bookmark: _Toc406676469]Digital Simulation
Nowadays, with the help of fast computers, digital simulation with large scale systems and complicated calculation is much easier to be realized. Unlike analog computation with physical components, digital simulation is done by solving differential and algebraic equations of the target system which is represented by a system of mathematical models for each component. Therefore, the accuracy of the mathematical models and the robustness of the numerical method in use dictate the validity of the simulated results. Digital simulation can be summarized into two categories: off-line and real-time (RT) simulation [5]. 
Off-line simulation can be realized on a personal computer, and is widely used because of its easy accessibility, installation, and intuitive user interface. Without time constraint, mathematical models can be developed as precise as possible at a cost of larger computational resources and longer simulation running time. Table 4-1 listed several widely used simulation tools designed and optimized for various power system and power electronics research purposes [6]-[8]. 
Table 4-1 [bookmark: _Ref389038409]Off-Line Simulation Tools
	Name
	Time Step
	Integration Method
	Application

	PSS/E
	Fixed
	Explicit Trapezoidal
	Electromechanical 

	TSAT
	Fixed
	Variable
	

	Matlab/Simulink
	Variable/fixed
	Variable
	Generic

	ATP, PSCAD/EMTDC, EMTP-RV (EMTP Based)
	Fixed
	Implicit Trapezoidal
	Electromagnetic

	SABER
	Variable
	Variable
	Semiconductor devices modeling


Power system simulation for engineering (PSS/E) and transient security assessment tool (TSAT) are designed mainly for studying dynamics of large power systems and the behavior of high level controllers. Sometimes hundreds or thousands of buses are involved in one simulated system, simplified generator, transmission line, and load models are thus applied with large integration time steps to minimize computation time. Electromagnetic transient program (EMTP) based simulation tools such as PSCAD/EMTDS, ATP and EMTP-RV are implemented with complicated component models that can accommodate network nonlinearities and unbalanced conditions, therefore generates more accurate results in high frequency domain. SABER, on the other hand, is designed for analog, digital, mixed-signal, and mixed-technology simulations. The simulation time step can be set as small as several nano seconds, and is capable of simulating electronic circuits with very high frequencies. A specialized language MUST is utilized to optimize simulation process. In general, constrained by varying computation capabilities of personal computers, engineers always have to compromise between model complexity and simulation speed in off-line simulations.  
With increased complexity of a simulated system, off-line tools inevitably take much longer time to solve the equations. In contrary, real-time simulation tools are capable of performing simulations synchronized with a real-time clock. Unlike off-line simulation where variable integration time step can be applied to accelerate simulation time, fixed time step is the only choice for RT simulators in order to synchronize with a RT clock. Usually, special hardware devices with multiple digital processors are required to guarantee fast computation. Commercial real-time simulators, such as RTDS [9], Opal-RT, and RT-LAB [10], have been developed and widely used in various applications. Nowadays, RT simulation tools are generally used for two purposes: (1) full digital simulation as an extension of off-line simulation [11] and (2) hardware-in-the-loop (HIL) simulation. HIL simulation is mainly developed for testing hardware systems, and will be discussed with details in Chapter 2.
In conclusion, digital simulation tools are very easy to obtain, and widely used in the early stage of modeling and developing control algorithms and device prototypes. However, because of their absolute dependency on numerical calculation, sometimes they will suffer from problems such as numerical oscillation due to discontinuities and interpolation without proper selection of time step or integration method [5]. At the same time, even though mathematical models of diverse devices are well developed, many users of digital simulation tools tend to simplify or ignore critical conditions such as measurement error, time delay, non-linearity, electromagnetic interference, etc. This leads to scenarios with impractical and unrealistic simulation parameters. Currently, there is no comprehensive simulation software that takes every possible aspect in consideration. Furthermore, in spite of a sophisticated design methodology, the defect of an equipment or a system cannot be detected or noticed without field testing. All of the above reasons stimulate the need of testing facilities to bridge the gap between simulation and real world application. 
[bookmark: _Toc406676470]Experimental Platforms
Platforms with physical components are very common in renewable energy, microgrid or smart grid testing facilities. 
National Renewable Energy Laboratory (NREL) has developed a large testing platform facilitated with 8.8 MW wind farm, 1 MW PV array, 7 MVA controllable grid interface (CGI), and 2.5 MW dynamometer for grid integrated renewable generation and energy storage, as demonstrated in Fig. 1‑2 [12][13]. 
The Consortium for Electric Reliability Technology Solutions (CERTS) microgrid (MG) concept has been demonstrated at the CERTS microgrid-American Electric Power (AEP) test bed, located near Columbus, Ohio and operated by AEP.  The test bed is implemented with three 60 kVA combined-heat-and-power units, four load banks including induction motor, as shown in Fig. 1‑3 [14][15].
[image: ]
[bookmark: _Ref406675792]Fig. 1‑2. The National Wind Technology Center (NWTC) testing facility at NREL, photo reproduced from [13]. 
Design Centre for Modular Supply Systems (DeMoTec) of Institute for Solar Energy Technology (ISET) and University Kassel (Germany) has built a laboratory grid with distributed generation units to test microgrid control concepts [16]. It is implemented with 30 kVA diesel genset with synchronous generator, 70 kVA bi-directional battery inverter, PV panels, and wind turbines, as shown in Fig. 1‑4.
[image: CERTS Microgrid Test Bed Site]
[bookmark: _Ref406675834]Fig. 1‑3. CERTS Microgrid, photo reproduced from [14].
[image: ]
[bookmark: _Ref406675843]Fig. 1‑4. Layout of DeMoTec facility at ISET, photo reproduced from [16].
Florida International University developed a smart grid testbed at its Energy Systems Research Laboratory with a total power capability of up to 72 kW [17][18]. The smart grid consists of an interconnected AC and DC grid. The AC grid operates at 208 V with four 13.8 kVA synchronous generators, passive and induction motor loads. The DC grid operates at 300 V with battery storage, 3 kW solid oxide fuel cells (SOFC) emulators, and DC loads. 
At the same time, an Interconnected Power Systems Laboratory (IPSL) was built by Drexel University for teaching purpose. Real machines and loads were interconnected to form a three-phase grid with 220 V nominal voltage. An energy management system (EMS) was developed to emulate a control station [19]. 
The above facilities mostly aim at low voltage or medium voltage systems. No development of a more complicated power system level testing facility has been reported yet. The bottleneck of such a platform mainly lies in the high cost of building a high-voltage high-power system, and the difficulty of scaling machines: the ratio of machine inertia to frictional loss cannot be scaled. It means that the large generators and motor loads widely used in the power grid cannot be represented by much smaller machines in a scaled system. 
[bookmark: _Toc406676471]The CURENT Hardware Test-Bed
Based on the HIL concept, a Hardware Test-Bed (HTB) with modular and reprogrammable three-phase converters, and a reconfigurable structure is proposed in this paper to emulate large scale power systems. The HTB will allow testing, integration and demonstration of various key technologies on monitoring, control, actuation, and visualization. With HTB, it is also convenient to test different system architectures, such as HVDC vs. HVAC by reconfiguring the system structure. The impact of renewable energy sources, responsive loads, and energy storage to the power grid can also be evaluated [71]. The converters in the HTB are connected at both AC and DC side, with an active rectifier to provide steady DC side voltage [72], as shown in Fig. 1‑5. In this way, each of the converter can be bidirectional, and with power circulating between AC and DC bus, the total power consumed from the grid is only on the loss.
[image: ]
[bookmark: _Ref405227364][bookmark: _Toc405562970]Fig. 1‑5. Architecture of CURENT HTB.
Compared with digital simulation, the HTB has the following advantages: 
1) Integrates real-time communication, protection, control, and cyber security; 
2) Able to test the reliability of the system incorporating real communication, measurements, and various equipment; 
3) Provides a platform for research on converter control and design in utility applications, such as AC/DC microgrid; 
4) Capable of performing prolonged real-time experiments, and demonstrating detailed system variable information simultaneously; 
5) Less dependency on numerical calculation, while allowing more flexibility of the whole system.
Many different kinds of emulators have been developed or are under development: hydro turbine synchronous generator emulator [73][74], constant impedance, constant current, and constant power (ZIP) load emulator [71], induction motor emulator [75], wind turbine emulator with permanent magnetic synchronous generator (PMSG) [76], solar emulator with two stage PV inverter [77], transmission line emulator with Bergeron model, energy storage emulator (flywheels), HVDC emulator, and real-time simulator interface. 
1.1 [bookmark: _Toc405558400][bookmark: _Toc405562934][bookmark: _Toc405898505][bookmark: _Toc405911319][bookmark: _Toc406676012][bookmark: _Toc406676472]
[bookmark: _Toc406676473]HTB Structure
The cabinets in the HTB can be divided into two categories: Type I cabinet which includes three power generation or load emulators, one rectifier with a transformer connected to the utility, and local transmission line and/or transformer emulators (inductors); Type II cabinet which consists two sets of back-to-back converters to emulate HVDC or long-distance transmission line. Currently, the HTB has three cabinets: two Type I cabinets and one Type II cabinet. The first Type I cabinet is installed with customized converters built at The University of Tennessee, as demonstrated in Fig. 1‑6, while the second type I and the Type II cabinet use 75 kVA commercial converters produced by VACON. With the three cabinets, a very fundamental and typical two-area power grid system can be emulated [78], as shown in Fig. 1‑7. In each area, there are two generators and one load. The two areas are interconnected by a 220 km transmission line. Beyond the textbook example, traditional generators can be substituted by renewable energy sources with 50% or even larger penetration. In addition, with more cabinets constructed, multi-area system, or even large-scale system can be emulated, and the emulators will not be limited to emulate a single generation or load unit, but instead a subordinate area.
In the HTB, each emulator is designed to be 208 V, 15 kVA. To emulate power system components, often with megawatt and kilovolts level units, proper rescaling is necessary. The rescaling principle is: after rescaling, the per unit value of the physical and electrical parameters based on generator ratings will stay the same, but the time scale of the system can be varied by changing the base frequency to maintain the same local transmission line inductance in different systems. With the same structure, power system stabilizer (PSS) parameters can be directly used in the rescaled system.
[image: ]
[bookmark: _Ref405227382][bookmark: _Toc405562971]Fig. 1‑6. HTB Type I cabinet 1.


[bookmark: _Ref405227391][bookmark: _Toc405562972]Fig. 1‑7. Structure of the original two-area system.


[bookmark: _Toc405562973]Fig. 1‑8. HTB structure of the two-area system.
[bookmark: _Toc406676474]Communication, Control, and Visualization
NI LabVIEW interface is applied to realize power system level communication and control. By using a CompactRIO-9081 made by NI, the HTB can be controlled remotely. The CompactRIO includes three NI 9205 analog input modules with 16-bit resolution and 250 kS/s aggregate sampling rate, an 8-slot Spartan-6 LX75 FPGA for real time calculation, two Gigabit Ethernet, two serial, two high-speed CAN interface ports, and a 14-port CAN breakout box for connectivity and expansion. 
[image: ]
[bookmark: _Ref405227420][bookmark: _Toc405562974]Fig. 1‑9. HTB communication structure.
The communication between the computer (LabVIEW interface) and the NI CompactRIO is realized through Ethernet, which enables remote control of the HTB. Each emulator is implemented with a Texas Instrument DSP TMS320F28335, which receives commands (start and stop of the emulators) or data (wind speed, radiation, load consumption, etc.) from, and sends data to the NI CompactRIO through the CAN bus, as shown in Fig. 1‑9. 
In addition to the communication with the NI CompactRIO, one designated emulator sends a PWM synchronization signal to the rest of the emulators to eliminate high frequency circulating current caused by the structure of the HTB [81]. 
To mimic a real control center in the power system, potential transformers (PTs), and current transformers (CTs) are installed at bus 1, 2, 3, 4, 7, and 9 to monitor the power flow, voltage amplitude and angle independently. Signals from PTs and CTs are directly delivered to the analog input of the NI CompactRIO. At the same time, frequency and phase information monitored by PMUs and FDRs are sent to the LabVIEW interface through Ethernet.  
For the control part, secondary/Automatic Generation Control (AGC) and tertiary frequency control are accomplished in LabVIEW. In traditional AGC, as shown in Fig. 1‑10, ∆ω is the frequency deviation in one area, ∆P12 is the tie-line power flow difference (measured from Bus 7) [80]. The discrete integrator integrates every two seconds, and the output will be combined with droop output to adjust generation. In addition to the traditional integration, AGC can be also realized through state estimation or other improved methods. As shown in Fig. 1‑11, tertiary frequency control can be realized directly by changing the power generation and consumption reference of each emulator. For wind/solar energy emulator, data with random wind speed/irradiance level changing with time can be generated in the LabVIEW and sent to the emulator. 


[bookmark: _Ref405227464][bookmark: _Toc405562975]Fig. 1‑10. AGC structure.
[image: ]
[bookmark: _Ref405227540][bookmark: _Toc405562976]Fig. 1‑11. HTB control panel.
[image: ]
[bookmark: _Ref405227551][bookmark: _Toc405562977]Fig. 1‑12. HTB measurement display.
At the same time, measurement data such as active and reactive power, frequency, and voltage amplitude are updated and displayed on the visualization wall every 0.1 s, as demonstrated in Fig. 1‑12. 
[bookmark: _Toc406676475]Summary
Digital simulation has prevailing advantage on flexibility, but the reliability of a device cannot be guaranteed without testing. At the same time, testing facilities usually have high cost and much less flexibility. Therefore, a combination of the advantages of the two systems is desirable.   

[bookmark: _Toc406676476]Literature Review on Converter Based Emulation
This chapter summarized the scope of testing, RT simulators, interface algorithms and controllers, and verification methods in HIL simulation system. After the introduction of the HTB system, the research objectives and approaches are discussed. 
[bookmark: _Toc406676477]Hardware-in-the-Loop 
HIL is used in the development and test of real-time systems. The control plant of the real-time system is represented by mathematical equations, which is also called “plant simulation”. This plant simulation interacts with the real-time system through various interfaces.
In practice, the most effective way to test a real-time system is to connect it with real plants. In some circumstances, real plants may not be available because of its own limitations. For example, testing under increased scope such as failure may cause damage to the plant or even danger to the engineer. At the same time, application of various real plants to test the universality of the real-time system could be economically disadvantageous. Especially in some conditions, real plants, such as jet engines, are much more expensive than a HIL system.
HIL has been widely applied in many areas, such as automotive systems [20][21], robotics [23], power systems [22][25][26], power electronics [24], and off-shore systems [32]. 
HIL can be generally divided into three categories: controller HIL (CHIL), power HIL (PHIL) [24][25], and mechanical HIL (MHIL) [56].
2 [bookmark: _Toc405558390][bookmark: _Toc405562924][bookmark: _Toc405898495][bookmark: _Toc405911309][bookmark: _Toc406676018][bookmark: _Toc406676478]
3 [bookmark: _Toc405558391][bookmark: _Toc405562925][bookmark: _Toc405898496][bookmark: _Toc405911310][bookmark: _Toc406676019][bookmark: _Toc406676479]
3.1 [bookmark: _Toc405558392][bookmark: _Toc405562926][bookmark: _Toc405898497][bookmark: _Toc405911311][bookmark: _Toc406676020][bookmark: _Toc406676480]
As the name indicated, CHIL, also called signal-level HIL, is mainly used for testing the functions of a controller board, as shown in Fig. 2-1. Usually, the power stage of the HUT is simulated in the RT simulator with different networks. The controller takes measurement data through analog-to-digital (AD) and digital-to-analog (DA) modules, and sends corresponding control signals to the power stage simulated in the RT simulator. The signals exchanged between the hardware under test (HUT) and the RT simulator are control level signals within the range of 20 V and 0 ~ 100 mA. This method can be applied for various testing scenarios, such as testing microgrid controller with RTDS [26], boost converter controller with virtual test bed (VTB) [27], power system operation with RTDS [28], motor drive controller with RT-LAB [29], including extreme conditions where real hardware can be damaged easily. 


[bookmark: _Ref405484686][bookmark: _Toc405562967]Fig. 2‑1. Signal-level HIL simulation.
CHIL is very useful at the early stage of testing a controller for a device. However, RT simulation of components with complicated models suffers from inaccuracy and limited bandwidth. The modeling of the power converter is especially challenging because of its high frequency operation and asynchronization between simulation time step and the gating signals [30]. 
PHIL, also called converter based emulation, implements power amplifiers, such as converters, as interfaces to test different equipment. The power stage of a HUT is no longer simulated in a RT simulator. On the contrary, the RT simulator controls the power amplifier to behave like the interfacing point to the HUT with proper interface algorithm to guarantee the correct operation. In this case, the power amplifier can provide or absorb power, thus a bidirectional structure is needed. The HUT then can be tested with both the controller and the power stage with actual power exchanging, as shown in Fig. 2-2. This method is widely used for testing prototypes of various devices. In general, converters are controlled by real-time digital processors such as DSPs or FPGAs, whose fast computation ability enables incorporation with various mathematical models of different components. With programmable models and parameters, testing process can be very flexible and cost effective.


[bookmark: _Toc405562968]Fig. 2‑2. Power-level HIL simulation
In MHIL, a power amplifier is used to drive a machine so that it acts like a power train to drive a load, such as a generator. This type of emulation is usually used in wind turbine emulation [56][63] and hybrid electric vehicle testing [70]. 
In the following, simulation/simulated circuit refers to the mathematical model in RT simulator, and the hardware refers to the power amplifier and the HUT.
[bookmark: _Toc406676481]Power-level HIL
In order to test the power stage of a real-time system, PHIL is preferable considering the testing scope, the development cycle, and the cost effectiveness. The development of a PHIL system involves several aspects, including defining the scope of testing, selecting a RT simulator and numerical method, designing proper interface algorithm and controller, and verifying the fidelity of the emulator. 
[bookmark: _Toc406676482]Scope of Testing
A PHIL system can be used for diverse testing purposes: a 5 MW grid emulator is developed in [31][32] by Florida State University to investigate the impact of motor drive system to the power grid; an up to 250 kVA grid simulator is built at the grid interconnection system evaluator (GISE) platform at NREL to evaluate the grid-connecting performance of distributed energy sources (DER); a 1 MW grid emulator is built in RWTH Aachen University to emulate grid symmetrical and unsymmetrical fault condition and test wind turbine low voltage ride through capability [40], while similar work has been reported in Clemson University with 15 MW facility [41]; motor emulators with different capacities are developed to test motor drive systems [42]-[49]; a SG emulator is built in [50] to investigate the power sharing problem between a droop controlled converter and a traditional SG in a micro-grid, and similar work are done in [51][52][64]. In addition, load emulators, including linear and nonlinear loads, are built in micro-grid test-beds to study the micro-grid performance [65]. Furthermore, SG emulation is applied in grid-connected converters in order to improve their grid-connection performance [54][55][64]. 
Very few discussion on the scope of testing is conducted, however, from the verification test on the PHIL system from the above literature, where steady-state and/or small disturbance are investigated, it can be concluded that only normal operating conditions are considered in the above applications.
[bookmark: _Toc406676483]RT Simulator and Numerical Methods
Commercial RT simulators are often applied in PHIL simulations. This type of RT simulators, such as RTDS [31][32][46][49], Opal-RT [33][34], dSPACE [45][47][52], and HUMUSOFT real-time toolbox or other real-time environment for Matlab/Simulink in a PC [53][65], provide models of various mathematical and electrical components. These well developed discretized models can guarantee better numerical stability, improve flexibility for different applications, and shorten the development cycle of a PHIL system. Especially in power system applications, the powerful calculation capability will help alleviating the intensity of work on building numerical solutions for complicated circuits. However, the utilization of the above RT simulators is constrained by their cost and limited expandability. In other words, only a certain number of PHIL interfaces can be connected to the RT simulators at the same time. A more cost effective way is to apply modular digital processor and signal level interface for each PHIL emulator. In machine emulation applications, DSP [42][43][51][67] and FPGA [52][62][66] are common choices. On the other hand, the disadvantage of using DSP or FPGA is the additional work of developing discretized numerical solutions for the emulated models. 
[bookmark: _Toc406676484]Interface Algorithms and Control Methods
The simulation to hardware interface algorithm (IA) is another key element in PHIL simulation. The IA defines the type of input and output signals transmitted between the simulation and the hardware, and the way how the signals are processed. Typically, voltage and current signals are the most common options for input and output signals of IAs.  
The ideal transformer model (ITM) algorithm is the most straightforward and simplest method. Mathematical models describe terminal time domain V-I characteristics of diverse components. For example, a resistor can be described as V=RI, where V is the voltage across the resistor, I is the current flowing through, and R is its resistance. With the information of either one of the variables, V or I, the value of the other variable can be calculated. The calculated variable then can be used as a reference for the converter controller, as shown in Fig. 2-3. Hence, a converter based emulator can be controlled as either a current or a voltage source. The determination of the input and output signals depends on the nature of the emulated target. Usually, sources that establish the voltage and frequency of the whole system are emulated as voltage sources [31][32][33][34], and the rest are emulated as current sources [35]-[].
	

	


	(a) Voltage type emulator.
	(b) Current type emulator.


[bookmark: _Toc405562969]Fig. 2‑3. Emulator types.
However, the power converters utilized in the PHIL simulation is not an ideal voltage/current source. The error introduced by the converters, especially the time delay in a system with additional communication, may sometimes cause inaccuracy or even instability problems. At the same time, impedance mismatch between the circuit simulated in side RT simulator and the circuit under test is another major factor causing instability. Many literature has proposed ways to solve the problems. 
The time-variant first-order approximation (TFA) algorithm is proposed by Wu et al. [35][36]. The method assumes that the HUT is a first-order linear system with RL or RC topology, and estimates the coefficients of the HUT by using historical data. Compensation of the errors then can be realized based on the coefficients. The method apparently cannot be applied to systems with nonlinear HUT or high frequency signals.
The transmission line model (TLM) algorithm utilizes Bergeron model to represent a transmission line composed with linking inductors or capacitors, and thus decoupled subsystems in the simulation and hardware [37]. The RT simulator simulates the transmission line and form the sending end, while the hardware interconnects the receiving end. The receiving end voltage is sent to the RT simulator for calculating corresponding current for both ends. The propagation time in the TLM becomes the time delay in the PHIL simulation, and thus, the minimum length of the line is constrained by the size of the time delay. 
The partial circuit duplication (PCD) method derives from the relaxation technique applied in large-scale circuit simulation software such as SPICE [37][38]. The simulation duplicates the linking reactance applied in the hardware, and uses a voltage source to represent the HUT voltage after the linking reactance. However, the accurate value of the linking reactance is hard to get, thus resulting in errors.  
The damping impedance method (DIM) is an improved method based on PCD and ITM [38]. An artificial impedance is inserted into the simulated circuit to improve stability. When the damping impedance equals to the HUT equivalent impedance, the whole system will be absolutely stable. Therefore, similar with TFA, proper estimation of the HUT impedance is needed. 
In addition to the above methods, a simple “phase advance” calibration based on the calculation of total delay time has been proposed in [39].
In conclusion, the modified methods [35][36][37][38][39] are mostly aiming at solving stability and accuracy problems in a system with large time delays caused by additional communication with RT simulator, CT phase lags, and filtering. In [38], the delay is assumed to be 500 , while 425  in [39]. 
[bookmark: _Toc406676485]Verification Methods
Since the scope of testing in most cases is just to realize basic functions of the original system, the verification is realized simply from comparing waveforms visually, sometimes verification is even not mentioned. In [31], the author compared the voltage waveforms from a grid emulator and the real grid, and possible causes were discussed about the pronounced notches and ringing in the emulation case. In addition, several experiments were done with gas turbine emulation, but no comparison were given. In [64], steady state current amplitude and angle are compared with calculation results for load emulator. 
In motor emulation, especially for motor drive applications, certain fidelity of the PHIL system needs to be guaranteed so that the motor drive under test can behave correctly to right working conditions. The motor emulator developed in [42] was validated by comparing its output current waveforms to the real motor with the same parameters. Small disturbances, such as speed reference change and load change, were applied to investigate the dynamic response. This method actually requires synchronization of the disturbances in the experiments, thus the waveforms were compared visually without any quantitative analysis. In [43][44], the squirrel-cage induction motor (IM) emulator was verified by comparing real machine current with the calculated value in the converter that is connected to the same point with the IM. In this case, the event timing was aligned, but only the motor model was involved in the comparison, leaving the error source-the converter uninvestigated. In [66][67], the verification of the developed induction motor emulator is performed through comparing the current reference calculated from the model and the real output current of the emulator. Although the steady-state power transfer limit of a PHIL system influenced by time delay is given in [89], dynamic error is not investigated.
Indeed, accuracy evaluation of a PHIL system is rather complicated and different from traditional definition of error in control theory [58]. Since the interface converter is “embedded” into the original system, its input signals resulting from the original system response is actually unavailable. Comparing the reference signal, which is calculated based on the input signal, and the real output signal of the amplifier does not necessarily give any accurate evaluation of the PHIL performance. At the same time, the method comparing the response of a PHIL system and the real system (emulated target) in time domain is not every accurate, either. The error between the two systems, in this case, is now not only caused by the amplifier, but also by the accuracy of the mathematical model of the target. 
Transfer function perturbation (TFP) based error evaluation is proposed in [57][58]. Since the application of PHIL interface will alter the response of the original system, the difference between the PHIL system and the original system can be evaluated by the relative error between their closed-loop frequency domain responses. The frequency domain responses of the two systems can be obtained either from transfer functions [57][58], or from measurement [53][59][60]. However, since the real emulated target is not available in experiments, the measurement based method is only realized in simulation. In [48], the author developed the transfer functions of the motor emulator with two different structures, and evaluated their performances by comparing their TFP based error, THD, and robustness. 
[bookmark: _Toc406676486]Summary
No matter in which way an emulator is controlled, the controller bandwidth has to be designed wide enough to guarantee the exact same static and dynamic behavior with its reference in the frequency range of interest. However, the controller bandwidth (up to several kHz) is restrained by the switching frequency (up to dozens of kHz for IGBT based converters). That means, a converter based emulation can cover all of the electromechanical and only part of electromagnetic events in the power system, as demonstrated in Table 2-1 [79].
[bookmark: _Toc405563026]Table 2‑1 Classification of Power System Transients.
	Mode
	Frequency (Hz)
	Event

	Electromechanical Phenomena
	0.001
	Load Frequency Control

	
	0.01
	

	
	0.1
	

	
	1
	Transient Stability
Stabilizer

	
	10
	

	
	102
	Short-circuits, Sub-synchronous resonance, Harmonics, Power Conversion Phenomena

	Electromagnetic Phenomena
	103
	

	
	104
	Switching Transients

	
	105
	

	
	106
	Traveling Wave Phenomena

	
	107
	Transient Recovery Voltage



[bookmark: _Toc406676487]Research Objectives and Approaches
The objectives of this research is to develop a generator emulator with less than 15% error within the frequency range of interest under steady-state, small disturbance, and symmetrical fault conditions. The research approaches are listed as follows:
1. The behavior of a synchronous generator with different models is studied and compared, so as to develop a proper interface algorithm. Different interface methods are discussed, and input-current output-voltage based method is adopted to meet the requirements of various working conditions in chapter 3.  
2. The main factors that influence the emulator behavior are discussed and the designing targets of the voltage controller for the converter interface is established. A current feed-forward and a reference feed-forward loop is proposed to minimize the influence of the converter interface on the PHIL system in chapter 4.
3. Fidelity of the generator emulator is investigated. TFP based error evaluation method is applied to study the error caused by the converter interface. At the same time, the influence of the error on the generator excitation system is researched. The evaluation method and results are given in chapter 5.
4. Synchronization method of a generator emulator is proposed in order to form a multi-generation system. Moreover, two different cases are carried out on a two-area system, which consists four generators and two loads, to verify the HTB emulation. Verification results through comparing the experimental and simulation data are given in chapter 6.




[bookmark: _Toc406676488]Converter Based Generator Emulation
[bookmark: _Toc385373874]In this chapter, the behavior of a synchronous generator with different models is studied and compared, so as to develop a proper interface algorithm. 
[bookmark: _Toc406676489]Three-Phase Balanced Synchronous Generator Model
[bookmark: _Toc406676490]Electrical Model
SG model has been established in many books [80][82]. The models in this research are based on the following assumptions:
1) The stator windings are sinusoidally distributed along the air-gap.
2) The stator slots cause no serious variation of the rotor inductance with rotor position.
3) Magnetic hysteresis is negligible.
4) Magnetic saturation is neglected.
The classical SG model transforms stator components onto rotor reference frame, as defined by 3-1, where the quadrature axis is leading direct axis by 90 degrees.
	
	
	(3-1)


Per unit stator voltage equations:
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Per unit rotor voltage equations:
	
	
	(3-4)
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Per unit stator flux linkage equations:
	
	
	(3-8)
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Per unit rotor flux linkage equations:
	
	
	(3-11)
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Per unit air-gap torque:
	
	
	(3-15)


where p denotes differential operator d/dt. The parameters and variables in equations 3-1 to 3-15 are defined by the equivalent circuits shown in Fig. 3-1 (a) and (b). The base value for stator voltage and current are phase peak voltage and current respectively.


(a) d-axis equivalent circuit.


(b) q-axis equivalent circuit.
ψ: Flux linkage
fd: Field winding
kd: d-axis amortisseur circuit
kq: q-axis amortisseur circuit
k = 1, 2, … n; n = no. of amortisseur circuits
ωr: Rotor angular velocity, rad/s
[bookmark: _Toc405562978]Fig. 3‑1. SG d- and q-axis equivalent circuits.
The above inductances and resistances of the stator and rotor circuits are called fundamental or basic parameters. In reality, those parameters cannot be determined directly from measurements or tests. Therefore, operational parameters are obtained through certain tests and then used for representing machine characteristics. Many literatures have discussed the relationship between fundamental parameters and operational parameters, such as [80] and [82].
In practice, the speed voltages  and  due to flux change in space are the dominant components of the stator voltage. Under steady-state conditions, the transformer voltages  and  due to flux change in time are equal to zero. In most of the cases, the transformer voltages can be neglected without causing significant errors. In the analysis of the three-phase short-circuit at the terminals of a SG, the transformer voltage is usually neglected in order to eliminate the dc offset in the phase current. Therefore, in order to simplify numerical calculation, the derived 2-7 order models of the synchronous generator are based on two important assumptions:
1. The stator transients are neglected so that the model becomes algebraic equations:  and  are assumed to be 0.
2. The rotor speed is assumed to be 1 p.u so that the model becomes linear.
The derived SG models eliminate intermediate variables such as , , etc., and modify the equivalent circuit of the flux linkages demonstrated in Fig. 3-1 into the following form:
	

	


	(a) Equivalent circuit of flux linkages on q-axis.
	(b) Equivalent circuit of flux linkages on d-axis.


[bookmark: _Toc405562979]Fig. 3‑2. Modified equivalent circuit of flux linkages.
where Xdeqv and Xqeqv are the equivalent d-axis and q-axis reactance, Ed and Eq are the equivalent back electromagnetic force (EMF) on dq-axis. In order to differentiate stator voltages ed, eq, and the equivalent back EMF Ed and Eq, stator voltages are denoted by ud and uq in the following derived models.
In the fourth-order model, as shown in 3-16, amortisseur winding on d axis and the second amortisseur winding on q axis are neglected. This simplified model only considers the transient components, and is widely used in large-scale power system stability calculations. Sometimes, this model is further simplified by neglecting stator resistance.
	
	
	[bookmark: _Ref405470580](3-16)



In this case, the equivalent back EMF shown in Fig. 3-2 are represented by  and , also called d-axis and q-axis transient back EMF; the equivalent reactance are represented by  and , also called the d-axis and q-axis transient reactance.  and  are termed the d-axis and q-axis transient open-circuit time constant.
In the more complicated sixth-order model, only zero sequence signals are not taken into consideration. In HTB, because of the common mode choke installed in series with the converters, zero sequence components cannot exist. The transient parameters and variables have the same definition as fourth-order model.
	
	
	[bookmark: _Ref405470584](3-17)


In this model described in 3-17, the equivalent back EMF are composed by subtransient back EMF  and ; the equivalent reactance are represented by subtransient reactance  and .  and  are termed the d-axis and q-axis subtransient open-circuit time constant.
In most cases, the three models can achieve the same result. As shown in Fig. 3‑6, the fundamental model (3-2) to (3-15), the derived fourth-order model (3-16), and the derived sixth-order model are compared in simulation by Matlab/Simulink. The “Synchronous Machine pu Fundamental” model from Simulink Library uses exactly the same model as (3-2) to (3-15), although expressed in different denotations [82]. The model in computer simulation is built according to [82], as demonstrated in Fig. 3‑3. Therefore, this module is applied in the simulation as the fundamental model. The derived fourth- and sixth-order model are built as voltage sources, where the calculated stator voltage signals uabc are given to “Controlled Voltage Source” modules as references, as shown in Fig. 3‑4. The whole simulation is run by discrete solver with a step size ∆t = 50 μs, and a unit delay is inserted in each model in case of algebraic loop. Since the simulation is focused on the electrical part of the model, mechanical model is not included, and the rotor speed  is assumed to be constant. All the networks are identical, as shown in Fig. 3‑5. A small parasitic resistive load 1 is connected at the stator terminals to avoid oscillation for the fundamental model, which will be discussed in details in 3.3. A step up and a step down change of the power at load 2 are applied when t = 5 s, and t = 6 s respectively.  


[bookmark: _Ref405399630][bookmark: _Toc405562980]Fig. 3‑3. Simulation of a SG in rotor reference frame with voltage as input.


[bookmark: _Ref405399790][bookmark: _Toc405562981]Fig. 3‑4. Simulation of a SG in rotor reference frame with current as input.


[bookmark: _Ref405399833][bookmark: _Toc405562982]Fig. 3‑5. Simulation network for comparing the SG models.
The stator voltages and currents on the rotor reference frame during disturbances are compared in Fig. 3‑6. Negligible differences can be observed from the comparison. 
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	(a) d-axis voltage in different models.
	(b) q-axis voltage in different models.
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	(c) Detailed d-axis voltage in different models during load power step up.
	(d) Detailed q-axis voltage in different models during load power step up.
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	(e) Detailed d-axis voltage in different models during load power step down.
	(f) Detailed q-axis voltage in different models during load power step down.
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	(g) d-axis current in different models.
	(h) q-axis current in different models.

	[image: ]
	[image: ]

	(i) Detailed d-axis current in different models during load power step up.
	(j) Detailed q-axis current in different models during load power step up.
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	(k) Detailed d-axis current in different models during load power step down.
	(l) Detailed q-axis current in different models during load power step down.


[bookmark: _Ref405399730][bookmark: _Toc405562983]Fig. 3‑6. Comparison between the SG models in simulation.
[bookmark: _Toc406676491]Mechanical Model
The swing equation of the generator is given as:
	
	

	(3-18)


where,  is the rotor speed,  is the synchronous speed,  denotes the deviation of the rotor speed from synchronism,  is mechanical power,  is electrical power,  is the inertia constant,  is the damping factor caused by mechanical friction. Rotor angle δ is given to Park Transformation in the converter based generator emulator to convert the three phase signals onto and back from dq axis. The relationship between inertia constant M and H is given in (2) in per unit system, where  is generator capacity,  is the chosen base power.
	
	
	(3-19)


A thermal turbine is chosen to model. Governor, droop control, Automatic Generation Control (AGC), Power System Stabilizer (PSS), and excitation system with Automatic Voltage Regulator (AVR) are also included, as shown in Fig. 3‑7 and Fig. 3‑8.


[bookmark: _Ref405400466][bookmark: _Toc405562984]Fig. 3‑7. Mechanical model of a synchronous generator.
The mechanical model is developed based on the assumption that the generator is running under steady state (synchronism) before a transient process caused by a small disturbance starts. Therefore, a proper controller should be adopted at the startup process of the HTB system, and mechanical part is not connected until steady state is reached. 
In the excitation system shown in Fig. 3‑8,  is generator terminal voltage amplitude,  is the reference,  and  are the gain and time constant of the excitation system.  and , which are determined by the reactive power capacity of the generator, are the output boundaries for . 


[bookmark: _Ref405400472][bookmark: _Toc405562985]Fig. 3‑8. Excitation model of a synchronous generator.
[bookmark: _Toc406676492]Converter Topology and Model
The converters used in the HTB are three-phase voltage source inverters. The output filter is composed by a common mode inductor and a differential mode inductor. The common mode inductor is applied to eliminate switching frequency zero sequence current caused by the common connection of both AC and DC side among different inverters. The structure of a converter in HTB is demonstrated in Fig. 3‑9, where S denotes switching states, Lf is the output differential inductor, Rf is its parasitic resistance. Common mode choke is not included in the figure.


[bookmark: _Ref405400564][bookmark: _Toc405562986]Fig. 3‑9. Structure of a converter in HTB.
Define: ,  , , and .
Assume that the middle point of the DC side capacitor is the neutral point, the switching model can be written as:
	
	
	(3-20)
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The average model can be obtained after averaging for each switching cycle:
	
	
	(3-22)


where  is the average value of .
Transform the model onto dq-axis:
	
	
	(3-23)


[bookmark: _Ref404777495][bookmark: _Toc406676493]Converter Based Emulation
Even though there is real analog power flowing in the HTB, essentially, converters are controlled by digital processors. With complicated model, it is of great importance to choose proper solver to guarantee accuracy and avoid numerical instability due to build-up of truncation error. A step size smaller than the smallest time constant in the model is usually required for explicit (what is explicit and what is implicit) integration methods to ensure stability. For example, Fourth-order Runge-Kutta method requires a step size less than 1/5 of the smallest time constant. But it has higher accuracy, meaning its local truncation error is on the order of , and the total accumulated error is order , where h is the step size. On the contrary, the stability boundary of implicit methods is not limited by step size, however, it will influence accuracy. The implicit trapezoidal method is A-stable, meaning for a problem , the solution is stable for all step sizes larger than 0. Therefore, Fourth-order Runge-Kutta and implicit trapezoidal methods are the common choices for solving high order time dependent differential equations in SG model [83][86].
Similar with digital simulation, there are generally two ways to interface the generator with the network: method 1: measure stator voltages as input and generate stator currents as output; or conversely, method 2: measure stator currents as input and voltages as output [85]. Since converters can be controlled as both current and voltage source, both of the above methods will work. The former method is applied in most cases mainly for the following reasons: first, differential operator in (3-2) to (3-4) becomes integration, which avoids the possible instability problem caused by the differential operator; second, current control loop is simple and straightforward in a converter with only output inductor as filtering method; third, in many cases, only one SG emulator is needed and the system can provide steady voltage. However, considering that the network is mainly inductive in the power system and the HTB, this method might cause large voltage swings by forcing rapid changing current into the inductive network [85]. Similar problem also lies in many simulation tools, and a small resistive load is usually required at machine terminals to avoid oscillation [88]. At the same time, since the SGs are the only sources that regulate the voltage and frequency in the whole system, it is apparently difficult to start the first SG without voltage input [87].
Therefore, method 2 has prevailing advantage in emulating SGs. In [85] and [54], an external inductor is placed at the terminal of the voltage source to avoid computation of the derivative part. Some literature put a small parasitic resistive load at the SG terminals, and then use the terminal voltages as output signals [31]. These resistive loads can be seen as lighting or heating equipment surrounding the SGs, nevertheless, not commonly considered in power system research. An alternative solution is to use derived 2nd - 7th order SG models discussed in (3-16) and (3-17). Since the derivative part of the model is already eliminated, no concerns will be risen about the stability problem caused by the differential operator. Furthermore, by discretizing and incorporating the trapezoidal rule to the equations described in (3-2) to (3-14), the SG model can be represented by “resistive companion network models”:
	
	
	(3-24)


where  is a constant resistive companion matrix, and  are calculated from past history terms. This method has been used in power system analysis and also in EMTP [8][83]. However, one of the limitations using voltage output method is that a voltage source cannot be shorted directly at its terminal. Instead, it can be shorted through a certain transmission line.
The stator variables of a SG model are generally represented in rotor reference frame to simplify calculation. Computer simulations are done as demonstrated in Fig. 3‑4. For synchronous operation, the rotor speed  is equal to stator current angular frequency. Therefore, it is convenient to put the voltage controller on the same frame as the SG model, as shown in Fig. 3‑10. 


[bookmark: _Ref405480439][bookmark: _Toc405562987]Fig. 3‑10. The computation and control structure of a SG emulator.
The voltage controller can be either open-loop or closed-loop. In open-loop control, the output inductor can be used to represent the stator inductance [54], and the converter works as back EMF. However, converters are never ideal voltage sources. They are non-linear and also have time delays. A typical average time delay in a converter is one and a half switching cycle. Assume that the switching frequency is 10 kHz, the 1.5 cycle time delay will cause a 3.24 phase shift in steady state, which cannot be ignored compared with SG parameters. On the contrary, closed-loop control can achieve unity closed-loop gain and compensate the time delay in the frequency range of interest. Since the primary goal of [54] was not to ensure the accuracy of the emulation, the problem was not mentioned. On the other hand, due to the structure of the HTB, where converters are connected in both AC and DC side, it provides a path for zero sequence circulating current. The circulating current consists two parts: one part contains mainly switching frequency components. When the parallel converters have the same modulation waveform but unsynchronized carrier waveforms, the switching positions of the converters will be different, which results in the different closed path between the converters when they have a common DC link. The other part is the long time period current caused by the non-identical converter parameters. Although the circulating current does not affect the control objectives, it will cause current distortion and unbalance. A good way to eliminate the long term circulating current is to add a zero sequence current controller. 
In conclusion, closed-loop voltage control is desired in the development of a SG emulator in the HTB. 
[bookmark: _Toc406676494]Conclusion
The behavior of synchronous generators with different models presents little difference, especially in steady-state. The fourth-order model, which includes transient parameters, is adopted preliminarily. The converter interface can be controlled either as a voltage source or a current source. However, in order to establish the voltage and frequency of the rest of the system, as the basic function of a real synchronous generator, input-current output-voltage interface is adopted in this PHIL system. At the same time, closed-loop voltage controller is needed for better performance.


[bookmark: _Toc406676495]Control Algorithm Design of a Single Generator Emulator
The designing targets of the voltage controller is given in this chapter, and a new control loop is proposed to meet the design targets. 
[bookmark: _Toc406676496]Control Design Targets
Assume that the AVR regulation is very slow, and  is constant during the small signal time step. The generator models described in 3.1.1 can be summarized in the following form, by eliminating intermediate variables such as , , , and .
	
	

	(4-1) 


In a real generator, the above electrical equations describe its terminal characteristics, while additional components will be added with converter based emulation. 
Voltage source converters generally can be depicted by Input/Output characteristics in general as (4-1), where  is the converter voltage reference,  is the converter output dq voltage,  is the converter output current,  is the closed loop voltage gain, and  is the converter output impedance, which is determined by both the system parameters and the controller.
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Combine (4-1) and (4-2),
	
	
	(4-2)


Apparently, the behavior of the converter based generator emulator is now determined by not only the generator model, but also converter’s loop gain and output impedance. In order to make the converter based emulator behave exactly like the model, two requirements in the frequency range of interest need to be achieved according to (4-3):
1) The loop gain  should be 1;
2) The converter output impedance should be 0, or as small as possible.
[bookmark: _Toc406676497]Single Voltage Control Loop 
The transfer function of an ideal time delay  is irrational (it has no s-polynomial in the numerator and in the denominator). However, in order to perform frequency response based analysis of control systems, it is necessary to substitute  with a finite-dimension rational transfer function.
There are many ways to approximate the time delay by rational functions. Among different methods, Padé-approximations are most commonly applied. The Padé-approximation of the order (m, n) to  is defined as the rational transfer function:
	
	
	(4-3)


where m and n are the order of numerator and denominator. The two polynomials  and  can be expressed in the following recursive relations:
	
	
	(4-4)


and 
	
	
	(4-5)


The order of the numerator can be equal to the denominator, especially the second order approximation is the most widely recommended form. The numerator coefficients always have alternating sign. For m = n, , which means  has symmetrical zeros and poles. Due to this configuration, the phase of  goes to , and its amplitude remains constant for all frequencies. On the other hand, the time domain response of  exhibits undesirable jump at t = 0. To avoid the jump,  is sometimes used instead of . However, the amplitude of  goes to zero at high frequencies, and the phase only goes to –(m+n)π/2. The transfer functions of  and  when n = 1 and n = 2 are shown in Table 4‑1, and the corresponding bode plots and step responses are demonstrated in Fig. 4‑1 and Fig. 4‑2, assuming .
[bookmark: _Ref404777421][bookmark: _Toc405563027]Table 4‑1. Transfer function of  and  when n = 1 and n = 2.
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[bookmark: _Ref404777378][bookmark: _Toc405562988]Fig. 4‑1. Bode plot of the time delay approximation with different forms. 
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[bookmark: _Ref404777385][bookmark: _Toc405562989]Fig. 4‑2. Time domain response of the time delay approximation with different forms.
In all, Padé-approximation with the form  provides better frequency domain response than time domain response, and inverse for . For designing controller using frequency domain methods,  is a better choice because it shows more accurate phase response at higher frequencies.
According to 3.3, the converter model can be described in the block diagram shown in Fig. 4‑3, where the time delay is taken into consideration. ZL, which is defined in (4-6), is the transfer function of the load. Since the network and the load type vary all the time in different scenarios in the HTB, ZL is generally unknown. The model of the control plant is required for designing proper control loop, and it is also a critical element to analyze the overall characteristics of the whole system.   


[bookmark: _Ref404777524][bookmark: _Ref404777706][bookmark: _Toc405562990]Fig. 4‑3. Block diagram of one converter with output filter. 
	
	

	[bookmark: _Ref404777540](4-6)


Traditionally, a buck rectifier that controls its output voltage is usually implemented with a LC filter. The model of a buck rectifier with LC filter is shown in Fig. 4‑4:


[bookmark: _Ref404777557][bookmark: _Toc405562991]Fig. 4‑4. Three-phase converter with output LC filter in single line view.


[bookmark: _Toc405562992]Fig. 4‑5. The model of a three-phase converter with output LC filter on dq axis.
A cascaded voltage outer-loop and a current inner-loop can be used to control the output voltage. Assume that unity loop gain can be achieved by the inner current closed loop, the controlled plant of the outer voltage loop is known and thus the corresponding compensator can be designed easily. The cascaded control has two benefits: first, the inner current loop imposes a current limiting function to the voltage controlled converter; second, it enlarges the controllable voltage loop bandwidth when using only PI compensator. However, designing of the voltage compensator in the cascaded controller will be difficult without the filtering capacitor, since the current reference to output voltage transfer function is now solely determined by the load model ZL. 
In this case, a single control loop is actually adequate for regulating the output voltage. As shown in Fig. 4‑3, the d-axis voltage to output transfer function considering the low pass filter (LPF) on the voltage feedback path is given by:
	
	
	(4-7)


where , , and  is the cutoff frequency of the LPF. The output filter inductance  of a three-phase converter is normally designed to be small enough to consume minimum voltage drop and reactive power, while limiting the current ripple. If  is negligible compared with , the d-axis voltage to output transfer function can be simplified into:
	
	
	(4-8)


In this way, unified PI parameters can be designed and applied to any loading conditions. In order to verify the assumption, a set of bode plots of (4-8) and (4-9) with different loads are presented in Fig. 4‑6, where , time delay is 150 μs, , , , , . Considering that the overload capacity of a generator is usually around 1.2 p.u, and the majority of the power system loads are resistive and/or inductive, the inductance of the load shown in Fig. 4‑6 varies from 0 mH to 2.6 mH, and the resistance 0.2  to 4.
[image: ]
[bookmark: _Ref404777595][bookmark: _Toc405562993]Fig. 4‑6. Bode plot of (4-8) and (4-9) under different loads.
There are two groups of frequency responses shown in Fig. 4‑6. Group 1 contains plots of (4-8) with combined loads (both resistive and inductive), and response of (4-9), represented by the black curve. Group 2 only includes pure resistive loads. In spite that the frequency response of Group 1 and 2 diverge at the high frequency range, the low and medium frequency response (up to several hundred Hz) are very close. With enough phase and amplitude margin considered in voltage controller design based on (4-9), the system will be stable at most loading conditions, and the bandwidth of the whole system will stay almost the same, too. The closed-loop system on d-axis, including the voltage controller and the control plant is demonstrated in Fig. 4‑7. Its open loop frequency responses with different loads are plotted in Fig. 4‑8. The parameters of PI controller GPI is designed based on (4-9), and Kp = 0.00495, KI = 5.


[bookmark: _Ref404777629][bookmark: _Toc405562994]Fig. 4‑7. Closed-loop block diagram of the whole system.
[image: ]
[bookmark: _Ref404777634][bookmark: _Toc405562995]Fig. 4‑8. Open loop frequency response of the whole system including voltage controller.
The bandwidth of the system under different loads are all around 200 Hz. Adequate phase and amplitude margins will guarantee the stability.
In addition to the above controller, voltage references can sometimes be added as a compensation to improve the behavior of the control system, as shown in Fig. 4‑9. The parameters of the PI compensator designed according to the above method are still applicable.


[bookmark: _Ref404776763][bookmark: _Toc405562996]Fig. 4‑9. Closed-loop block diagram of the whole system with reference compensation. 
[bookmark: _Toc406676498]Controller Performance Evaluation 
[bookmark: _Toc406676499]Output Impedance of a Converter with Single Voltage Loop
As mentioned in 4.1, voltage source converters generally can be depicted by Input/Output characteristics with the form of (4-2). The system shown in Fig. 4‑7 can be described as:
	
	
	(4-9)


where, , ,
	
	


	(4-10)


The controllable parts in (4-11) are the voltage loop compensator  and the LPF on voltage feedback path . Since the amplitude of  stays 1 before its cutoff frequency, it seems that the only way to reduce  and  is to increase the gain of , while retaining enough stability margin for different loads. The frequency response of  and  when Kp = 0.008 and KI = 20 are plotted in Fig. 4‑10(a). In order to have a more intuitive understanding of  and , actual values of  their responses are shown in Table 4‑2. Response of  and  under different frequencies.. The amplitude of  is much larger than , and a smaller  is desirable especially in the medium frequency range. However, the effect is very limited by only increasing the gain of the PI controller, as demonstrated in Fig. 4‑10(b). 
[image: ]
(a) Comparison between frequency responses of  and  with the same PI controller.
[image: ]
(b) Frequency response of  with varying Ki.
[bookmark: _Ref404777666][bookmark: _Toc405562997]Fig. 4‑10. Frequency response of  and .
[bookmark: _Ref404777692][bookmark: _Toc405563028]Table 4‑2. Response of  and  under different frequencies.
	
	1 Hz
	60 Hz
	120 Hz
	360 Hz

	Zcdd
	Amplitude (Ω)
	
	0.0052
	0.21
	1.27

	
	Phase (degree)
	147.4
	169.4
	158.9
	121.1

	Zcdq
	Amplitude (Ω)
	
	0.0029
	0.0116
	0.0716

	
	Phase (degree)
	-0.2
	-11.62
	-24
	-68.52


If the block diagram from Fig. 4‑3. Block diagram of one converter with output filter. is reorganized into the form as demonstrated in Fig. 4‑11, it is very clear that the voltage drop over the output inductor can be viewed as disturbances. A feed-forward compensation can be then applied to minimize the influence of the disturbance from the voltage over the filtering inductor on the whole loop. As shown in Fig. 4‑12, currents on dq axis are multiplied by , and then used as feed-forward on corresponding coordinates. When , , and the time delay is ignored, the coupling and disturbance can be completely compensated. 


[bookmark: _Ref404777726][bookmark: _Toc405562998]Fig. 4‑11. Reorganized block diagram of a converter with output inductor.


[bookmark: _Ref404777733][bookmark: _Toc405562999]Fig. 4‑12. Current feed-forward compensation.
In reality, the differential operator s is very sensitive to noise, thus requiring low pass filters on the current sensing path. The overall block diagram of the system is then demonstrated in Fig. Fig. 4‑13.


[bookmark: _Ref404777745][bookmark: _Toc405563000]Fig. 4‑13. Block diagram of a converter with output inductor and current feed-forward.
where , , and  is the cutoff frequency of the first-order low pass filter on current sensing path. .
	
	
	(4-11)


Assume that , the conclusion in (4-9) is then still valid. In order to make  approach 1, the cutoff frequency  of the first-order low pass filter for the current has to be large enough to cover the designed system bandwidth, and at the same time small enough to filter out high frequency noise. The closed-loop block diagram of the whole system with current feed-forward is shown in Fig. 4‑14, and the output impedance  and the loop gain  stay the same, becomes:
	
	
	(4-12)




[bookmark: _Ref404777755][bookmark: _Toc405563001]Fig. 4‑14. Closed-loop block diagram of the whole system with current feed-forward.
With this method, the output impedance of the converter can be significantly decreased without increasing the open loop gain. As shown in Fig. 4‑15, the amplitude of  is much smaller with current feed-forward, represented by the red curve, than without the feed-forward, represented by the blue curve, in the low and medium frequency range.
[image: ]
[bookmark: _Ref404777764][bookmark: _Toc405563002]Fig. 4‑15. Comparison between frequency response of  with and without current feed-forward.
Of course, the current feed-forward compensation is based on known inductor parameters. Once the parameters used in the controller does not match with real values, the effect will weaken. Fig. 4‑15 also shows the frequency response of  when  and  are larger or smaller than  and . The exact values of the above curves under different frequencies are shown in Table 4‑3. Even with inconsistent inductance and resistance values, the output impedance  with current feed-forward can still be much smaller than the original in the low and medium frequency range. 
[bookmark: _Ref404777807][bookmark: _Toc405563029]Table 4‑3. Amplitude response (Ω) of  under different frequencies.
	
	1 Hz
	60 Hz
	120 Hz
	360 Hz

	Without feed-forwad
	
	0.0522
	0.2056
	1.2723

	With feed-forwad
	
	0.0036
	0.0282
	0.5188

	 and  10% smaller
	
	0.0062
	0.0337
	0.5091

	 and  10% larger
	
	0.0064
	0.0359
	0.5580

	
	
	0.003
	0.0271
	0.5166


In most cases,  is very small and hard to obtain, thus ignored in the feed-forward. Simulations with and without current differential feed-forward compensation are performed for comparison. Parameters and the structure of the controller are set the same in both simulations. As demonstrated in Fig. 4‑16(a) and (b), under the same 0.7 p.u. current step change, shown in Fig. 4‑16(c), the controller with current feed-forward exhibits much better resilience to the load disturbance. The voltage notch/overshot caused by load change is decrease from 5.88% to 3.53%.
	[image: ]
	[image: ]

	(a) Output voltage on d-axis.
	(b) Output voltage on q-axis.

	[image: ]

	(c) Current step change.


[bookmark: _Ref404777833][bookmark: _Toc405563003]Fig. 4‑16. Comparison of the converter output voltage performance with and without current feed-forward.
At the same time, experiments are done by using converters in the HTB, and the layout is shown in Fig. 4‑17. Inverter 1 regulates its output voltage to 208 V. Inverter 2 is implemented with ZIP load model with 20% Z, 20% I, and 60% P. In the experiment, active power of the load jumps from 0 to 0.7 p.u., and results with and without current differential feed-forward in Inverter 1 are compared and demonstrated in Fig. 4‑18. Number 1 denotes experimental results without, and 2 with current feed-forward compensation. Voltage curves demonstrated from (c) to (f) are obtained from DSP. The sampling frequency in DSP is 10 k Hz. With the feed-forward compensation, the voltage dip during load change is much smaller, which verifies the proposed method.


[bookmark: _Ref404777851][bookmark: _Toc405563004]Fig. 4‑17. Structure of the experiment.
	

	


	(a) Line voltage and phase current without current feed-forward.
	(b) Line voltage and phase current with current feed-forward.

	[image: ]
	[image: ]

	(c) Comparison of the output voltage on dq axis with and without current feed-forward.
	(d) Current step change.

	[image: ]
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	(e) Detailed d-axis voltage during current step with and without current feed-forward.
	(f) Detailed q-axis voltage during current step with and without current feed-forward.


[bookmark: _Ref404777859][bookmark: _Toc405563005]Fig. 4‑18. Experimental results with and without current feed-forward compensation.
[bookmark: _Toc406676500]Closed-loop Gain of a Converter
On the other hand, the closed-loop gain also plays an important part in shaping the output impedance of an emulator. As discussed in 4.1, a SG has internal impedance, thus the output voltage references  and  will change due to load variation. 
With the reference compensation as mentioned in Fig. 4‑9,  and  do not change, and  becomes:
	
	
	(4-13)


The bode plots of  with different  are demonstrated in Fig. 4‑19(a), and the step responses are shown in Fig. 4‑19(b). The time domain response characteristics of  with different  are summarized in Table 4‑4. With increasing , the response will be faster but with larger overshoot and undershoot. A tradeoff between dynamic response speed and damping need to be taken into consideration. 
[image: ]
(a) Bode plots of  with different .
[image: ]
(b) Step response of  with different .
[bookmark: _Ref404776963][bookmark: _Toc405563006]Fig. 4‑19. Frequency domain and time domain response of .
[bookmark: _Ref404779961][bookmark: _Toc405563030]Table 4‑4. Characteristics of  time domain response.
	
	Rise Time (ms)
	Overshoot (%)
	Undershoot (%)

	0
	0.50
	4.03
	21.36

	0.2
	0.14
	8.43
	29.19

	1
	0.004
	74.00
	60.56



[bookmark: _Toc406676501]Output Impedance of a Generator Emulator
In the SG fourth-order model, as described in 3.1.1, the output impedance can be defined as following. According to 4.1, ,
	
	

	(4-14)


The total output impedance of an emulator becomes:
	
	
	(4-15)


where , . Comparison between the bode plot of the overall emulator output impedance  with different control and the generator output impedance  are shown in Fig. 4‑20. For  and , the SG impedance  and  only include stator resistance, which is very small, hence the main factors that influence their frequency responses are the converter output impedance  and . On the other hand, since the converter impedance  and  are small,  and  will play a leading role in shaping  and . In Fig. 4‑20 (a), the implementation of current feed-forward can decrease the difference between  and  under low and medium frequency range.
[image: ]
(a) Comparison between bode plots of  and  with different control.
[image: ]
(a) Comparison between bode plots of  and  with different control.
[image: ]
(a) Comparison between bode plots of  and  with different control.
[bookmark: _Ref404777227][bookmark: _Toc405563007]Fig. 4‑20. Comparison between the bode plot of  and  with different control. 
Similarly, the application of reference feed-forward can decrease the error on  and  caused by the PHIL interface. 
Simulation with PHIL switching model are conducted to verify the above analysis. The generator emulator is open loop at first, and at , a constant impedance load is connected to the emulator. Two cases are performed for comparison: no current feed-forward or reference feed-forward in case 1; with both current feed-forward and reference feed-forward in case 2. The simulation results are shown in Fig. 4‑21.
[image: ]
(a) Generator emulator output voltage and the reference on dq axis during load disturbance.
[image: ]
(b) Comparison of voltage reference and output on d-axis for case 1 and 2 in detail.
[image: ]
(c) Comparison of voltage reference and output on q-axis for case 1 and 2 in detail.
[bookmark: _Ref404795523][bookmark: _Toc405563008]Fig. 4‑21. Simulation results of a generator emulator with PHIL switching model.
[image: ]
(a) Generator emulator d-axis voltage reference with different KR.
[image: ]
(a) Generator emulator d-axis voltage output with different KR.
[image: ]
(a) Generator emulator q-axis voltage reference with different KR.
[image: ]
(a) Generator emulator q-axis voltage output with different KR.
[bookmark: _Ref405482931][bookmark: _Ref405482924][bookmark: _Toc405563009]Fig. 4‑22. Simulation results of a generator emulator with PHIL switching model during load change.
In Fig. 4‑21, case 2 Vd and Vq show better dynamic response with faster tracking and less overshoot. In Fig. 4‑22, the output voltage has faster response but larger overshoot when KR =1, which coincides with the analysis in 4.4.2. At the same time, the reference curves will also be influenced by different controllers. That means, the PHIL interface will change the behavior of the original system, and the accuracy evaluation cannot be simply realized by analyzing only the emulator output impedance.  
[bookmark: _Toc406676502]Conclusion
The behavior of the converter based generator emulator is influenced by the converter’s loop gain and output impedance. A single voltage controller is adequate for the topology with only inductor filter. A current feed-forward can decrease the converter output impedance, and a reference feed-forward will increase the bandwidth of the voltage loop without increasing PI controller parameters. By using the above control loops, the disturbance caused by the converter interface is decreased. Simulation and experimental results are given to verify the effects.



[bookmark: _Toc406676503]Performance Evaluation of a PHIL System with Generator Emulator
Traditionally, the error of a control system is defined as the difference between the input and the feedback signal. For a PHIL system, the application of the power interface and its controller will change the closed loop transfer function of the whole system, and thus adding errors. This type of error cannot be obtained directly by comparing its reference and the feedback signals, because the behavior of the original system at this point is unavailable. 
[bookmark: _Ref405827940][bookmark: _Toc406676504]Error Estimation
W. Ren [58] has proposed the transfer function perturbation (TFP) based method to evaluate the error in a PHIL emulation. As shown in Fig. 5‑1, G(s) is the original system transfer function, and ∆G(s) is the transfer function caused by the PHIL interface and its controller. The error is then defined as the normalized difference between the transfer function of the “should-be” system and the PHIL system, in other words, relative error, as shown in (5-1).


[bookmark: _Ref404675177][bookmark: _Toc405563010]Fig. 5‑1. Transfer function perturbation (TFP) based error evaluation.
	
	
	(5-1) 


A weighting function Wo is applied to investigate the error under different frequency ranges.
Based on this concept, a voltage source emulator, as shown in Fig. 5‑2, can be viewed as the original system, with the transfer function “1”, plus the transfer functions that causes error, Gerrv in Fig. 5‑3. vN denotes the noise caused by the converter interface, such as harmonics. Zg is the impedance of the voltage source, Zc is the impedance of the converter interface, and ZL is the load impedance. 


[bookmark: _Ref404675278][bookmark: _Toc405563011]Fig. 5‑2. Closed loop diagram of a voltage source emulator.


[bookmark: _Ref404675384][bookmark: _Toc405563012]Fig. 5‑3. Closed loop diagram of a voltage source emulator with transfer function perturbation.
The error transfer function  is defined as:
	
	
	(5-2) 



Take the current signal i as the output. The original system transfer function without the interface is:
	
	
	(5-3) 


The actual transfer function with the interface is:
	
	
	(5-4) 


Therefore, the TFP error is given by:
	
	
	(5-5) 


Apparently, the TFP error involves the model of both the original system and the converter interface, which cannot be represented solely by the open loop transfer function . That means, the TFP error is different at varying generator and load parameters. If the system is symmetrical on abc axis, the evaluation can be performed on any one of the abc axis as a single input single output system. However, the situation is much more complicated for a generator emulator. As shown in Fig. 5-4, a SG model is unsymmetrical on dq axis, and the cross coupling impedance Zgdq and Zgqd play the major part in its model. The system now becomes single input multiple output. The evaluation of the TFP error then cannot be easily carried out on the stationary coordinates as mention in W. Ren’s work, where only voltage source models were adopted. In order to avoid analysis on dq axis, the rotor dynamics were assumed to be constant in the motor model in [48]. Yet, as shown in (5-3), the neglecting of rotor dynamics will lead to a different FTP error transfer function. Since the main goal of this work is to verify the emulator, the rotor dynamics have to be taken into consideration.
Fig. 5‑4 shows the overall block diagram of a generator emulator, where Zgdd and Zgqq are ignored since they are much smaller than all the other impedances. On d axis, the original transfer function of a SG with the load is defined as:
	
	
	(5-6) 


The PHIL transfer function of the SG emulator with the load is defined as:
	
	
	(5-7) 


Thus the error transfer function on d axis is defined as:
	
	
	(5-8) 


At the same time, the error transfer functions on q axis are given by:
	
	


	(5-9) 


The closed loop diagram of the SG emulator with transfer function perturbation is then demonstrated in Fig. 5‑5. Take the emulator output current id and iq as output, and the field voltage as input:
	
	

	(5-10) 




[bookmark: _Ref404675428][bookmark: _Toc405563013]Fig. 5‑4. Block diagram of a generator emulator.


[bookmark: _Ref404675472][bookmark: _Ref404069509][bookmark: _Ref404069667][bookmark: _Toc405563014]Fig. 5‑5. Block diagram of a generator emulator with TFP.
	
	

	(5-11) 

	
	

	(5-12) 


Assume that  over all frequency range, the TFP error on d- and q-axis is demonstrated in Fig. 5‑6. 
[image: ]
[bookmark: _Ref404675491][bookmark: _Ref404606987][bookmark: _Toc405563015]Fig. 5‑6. TFP error on d- and q-axis when .
Obviously, the error on higher frequency is much larger than in low frequency range. In order to investigate the error under frequency range of interest, assume that  is a 5th order LPF, as defined in (5-13),  Hz. 
	
	
	(5-13) 


The TFP error on d- and q-axis over the frequency range of 200 Hz, which is the designed controller bandwidth, is shown in Fig. 5‑7 and Fig. 5‑8. Once again, the TFP error confirms the conclusions in Chapter 4. By adding the current feed-forward and proper reference feed-forward, the error caused by converter interface will be decreased.  
[image: ]
(a) Comparison of  with and without current feed-forward.
[image: ]
(a) Comparison of  with different KR.
[bookmark: _Ref404675529][bookmark: _Ref404610417][bookmark: _Toc405563016]Fig. 5‑7. TFP error on d-axis.
[image: ]
(a) Comparison of  with and without current feed-forward.
[image: ]
(a) Comparison of  with different KR.
[bookmark: _Ref404675548][bookmark: _Ref404610421][bookmark: _Toc405563017]Fig. 5‑8. TFP error on q-axis.
Quantitatively, there are several different ways to assess the error in a vector. The most widely applied methods are the infinity norm and the second norm. The infinity norm of a vector x is defined as the magnitude of the largest component: . The second norm of the vector x is defined as: . The following analysis will utilize the second norm to evaluate the error over frequency of interest. 
The second norm of the TFP error in a generator emulator on dq-axis is defined as:
	
	

	(5-14) 


Form the results shown in Table 5‑1, it can be concluded that the voltage controller is fast enough to restrain the errors within limit. Although the two feed-forward paths do reduce the error, the effect is not very significant under normal operating conditions. Even without current feed-forward or reference feed-forward, the results are still satisfactory. One thing needs to be pointed out is that the error is not independent of the load condition. With the increase in the load power, the error grows, too. 
[bookmark: _Ref404624839][bookmark: _Toc405563031]Table 5‑1. Second Norm of TFP error on dq axis (%).
	Load Condition
	, , 
	, , 
	, , 

	

	
	0.21
	0.29
	0.26

	
	
	0.43
	0.57
	0.53

	

	
	0.29
	0.43
	0.42

	
	
	0.69
	1.00
	1.06

	

	
	0.57
	0.98
	1.17

	
	
	2.00
	3.54
	4.41



[bookmark: _Toc406676505]Performance Robustness
A generator is usually equipped with several different closed-loop controls, such as AGC and AVR. Errors caused by the converter interface can also influence performances of these controls in a generator emulator. Since the AGC time constant is up to minutes, this paper only focuses on the error influence on AVR. As mentioned in Chapter III, the simplified type I AVR is implemented with a proportional controller. The terminal voltage  is obtained by:
	
	
	(5-15) 


Apply small perturbation and linearize the equation, 
	
	
	(5-16) 


In the following analysis,  is omitted for simplification. The block diagram of a generator emulator including linearized AVR is shown in Fig. 5‑9.


[bookmark: _Ref404675594][bookmark: _Toc405563018]Fig. 5‑9. Block diagram of a generator emulator including AVR.
From the block diagram, it can be obtained:
	
	

	(5-17) 


At the same time, 
	
	

	(5-18) 


Therefore,
	
	

	(5-19) 

	
	

	(5-20) 


And finally, the open-loop transfer function from terminal voltage reference to actual output with and without PHIL interface are given as:
	
	

	(5-21) 


Assume that , , the bode plot of the two open-loop transfer functions under different loads are shown in Fig. 5‑10 and Fig. 5‑11. With PHIL interface, the phase margin and gain margin will be slightly different from the original. Under light load, as shown in Fig. 5‑10, the PHIL interface causes 1.5% difference in gain margin, and less than 1% error on the phase margin and cutoff frequency. Similar under heavy load condition, the PHIL interface does not influence phase margin and cutoff frequency, but will cause 2.4% error on gain margin. 
[image: ]
[bookmark: _Ref404692831][bookmark: _Toc405563019]Fig. 5‑10. Bode plot of  and  when ,  .
[image: ]
[bookmark: _Ref404692834][bookmark: _Toc405563020]Fig. 5‑11. Bode plot of  and  when ,  .
In order to verify the model, the calculated steady state error and the results obtained form simulation are demonstrated in Table 5‑2. The simulation is carried out in Matlab/Simulink, and both average and switching model of the PHIL are considered. In the switching model, a 1 Hz LPF is implemented on the output error signal to obtain the steady state value. 
[bookmark: _Ref404703899][bookmark: _Toc405563032]Table 5‑2. Steady State error of the AVR through calculation and simulation.
	Steady State Error
	,  
	,  

	Calculation
	Original
	0.0105
	0.0135

	
	PHIL
	0.0105
	0.0135

	Simulation
	Original
	0.01058
	0.01366

	
	PHIL with Average Model
	0.01055
	0.01369

	
	PHIL with Switching Model
	0.0105
	0.0136



[bookmark: _Toc406676506]Conclusion
The TFP method compares the transfer function of the original system without PHIL interface, and the actual PHIL system, thus error is a function of frequency. The reference feed-forward and current feed-forwad can decrease the error in the frequency range of interest. However, the error function is also related to the loading condition. With the increase of the load power, the error increases too. Within the operating range of a generator (up to 120% loading), the TFP based error is less than 5%. At the same time, the error will also influence the closed-loop controller in the model, such as the AVR. The phase margin and the cutoff frequency of AVR is barely changed, but larger error on gain margin with increasing load. 
[bookmark: _Toc406676507]
The Two-Area System Based On the Developed Generator Emulator 
After the verification of a single generator emulator, the interconnection of multiple generators is discussed in this chapter. Similar as a real generator, the emulator is a voltage source, thus requiring a certain synchronization process to avoid impact on the rest of the system and itself. The PLL based synchronization method is introduced. Moreover, the HTB is verified with the two-area system structure in two different cases.
[bookmark: _Toc406676508]Generator Emulator Synchronization
In a larger system with multiple generators, proper synchronization process is of great importance. Practically, during synchronization, generators will be started with the same terminal voltage amplitude, and a slightly larger frequency than the grid before connecting to it. If the errors of voltage angle, frequency, and amplitude between the generator and the grid reach the threshold, then the breaker can be closed.  
The electric model of the generator is given by the equations (3-16), with open circuit condition, by solving (3-16) under steady state, we obtain . Interestingly, a phase lock loop (PLL), which is used widely in grid-connected converters, will achieve the same result. By using the same Park’s transformation with the SG model, the PLL will force the d axis voltage to be zero, and the value of q axis voltage will be equal to the amplitude of the terminal voltage. That means, the angle output of a PLL for the grid voltage can be directly used for synchronization purpose. Because the PLL can lock to the grid frequency accurately, there is no need for detecting the synchronization condition anymore.
Based on the above, the synchronization process of a SG emulator is realized by three steps: transition 1 – connect into the system open loop by using a phase lock loop (PLL) to lock the system frequency; transition 2 – enable close loop control; transition 3 – alternate frequency reference from PLL output to mechanical model output. No contactor switch action is required throughout the process. 


[bookmark: _Ref405228888][bookmark: _Toc405563021]Fig. 6‑1. Experiment layout for synchronization.
	

	


	(a) Generator 1 and 2 frequency and electrical power output during synchronization.
	(b) Generator 1, 2, and the load current during synchronization (current: 10 A/div).


[bookmark: _Ref405228880][bookmark: _Toc405563022]Fig. 6‑2. Generator waveforms during synchronization.
To further explain the synchronization process, experimental results are shown in Fig. 6‑2 based on the structure demonstrated in Fig. 6‑1. Frequency and generator output power data are obtained from the DSPs of each emulator. 
First, the generator emulator 1 operates in steady state with a constant load. As shown in Fig. 6‑2 (b), before transition 1, SG emulator 1 supports all the current needed by the load. Before connection of SG emulator 2, its generator electric model calculates the terminal voltage references . At transition 1, when t = 0 s in Fig. 6‑2 (a), generator emulator 2 is connected into the system with voltage open loop to avoid large inrush current. As shown in Fig. 6‑2 (b), the output current of the generator emulator 2 is mainly reactive, and no inrush current is observed. At transition 2, when t = 2 s in Fig. 6‑2 (a), closed loop voltage control is enabled. During this process, the PLL aligns the voltage vector with the q-axis (defined by the applied dq transformation), thus zero output power. At transition 3, the frequency reference switches to the mechanical model output, and the generator emulator 2 starts to output power and share the load with the generator emulator 1. As demonstrated in Fig. 6‑2 (a), after transition 3, the frequencies of SG emulator 1 and 2 quickly overlap with each other after a small difference during the first second.
[bookmark: _Toc406676509]Experimental Verification 
[bookmark: _Ref405557930][bookmark: _Toc406676510]Small Signal Disturbance
In this section, experiments are performed in the two area system to verify the HTB emulation. The structure of the two-area system is shown in Fig. 1‑7. Because the emulators used in the HTB are based on mathematical models of different power system components, the validation is carried out mainly through comparison between experimental and simulation results by Matlab/Simulink.
[bookmark: _Ref405229141][bookmark: _Toc405563033]Table 6‑1 Generator Parameters Before and After Rescaling.
	Name
	Original
	Rescaled

	Pgen
	900 MVA
	15 kVA

	Vgen
	20 kV
	208 V

	fbase
	60 Hz
	60 Hz

	
	1.8 p.u
	1.8 p.u

	
	1.7 p.u
	1.7 p.u

	
	0.3 p.u
	0.3 p.u

	
	0.55 p.u
	0.55 p.u

	
	8 s 
	8 s

	
	0.4 s
	0.4 s

	H
	6.5/6.175 p.u
	6.5/6.175 p.u



[bookmark: _Ref405229156][bookmark: _Toc405563034]Table 6‑2 Transmission Line Parameters Before and After Rescaling.
	Name
	Original
	Rescaled
	Measured

	PTLbase
	100 MVA
	15 kVA
	–

	VTLbase
	230 kV
	208 V
	–

	fbase
	60 Hz
	60 Hz
	–

	L1-6
	0.0417 p.u
	2.8 mH
	2.45 mH

	L2-6
	0.0167 p.u
	1.1 mH
	1.2 mH

	L6-7
	0.01 p.u
	0.7 mH
	0.7 mH

	L7-9
	0.11 p.u
	7.6 mH
	10 mH

	L3-10
	0.0417 p.u
	2.8 mH
	2.5 mH

	L4-10
	0.0167 p.u
	1.1 mH
	0.7 mH

	L9-10
	0.01 p.u
	0.7 mH
	0.7 mH

	R1-6
	0.0025 p.u
	0.0648 Ω
	0.12 Ω

	R2-6
	0
	0
	0.04 Ω

	R6-7
	0.001 p.u
	0.026 Ω
	0.035 Ω

	R7-9
	0.011 p.u
	0.285 Ω
	0.65 Ω

	R3-10
	0.0025 p.u
	0.0648 Ω
	0.12 Ω

	R4-10
	0 
	0
	0.035 Ω

	R9-10
	0.001 p.u
	0.026 Ω
	0.035 Ω


The original and rescaled parameters used in the two-area system are shown in Table 6‑1 and Table 6‑2. PTLbase and VTLbase in the original system are the base power and voltage for normalizing the transmission lines. In preliminary experiments, transmission lines are represented by inductors, and lower power and voltage level, 1.3 kVA and 61 V are chosen. In reality, the real inductance of an inductor is varying with up to 20% error from the name tag value. At the same time, the equivalent serial resistance representing copper loss and core loss of an inductor can be much different from the transmission line parameters in the textbook. Because of the above reasons and the absence of capacitors, power flow in the emulated two area system will be different from the original. In order to ensure the same operating condition of the simulated and emulated system, measured inductance and resistance values in the HTB system are used in the simulation, as listed in Table III. At the same time, generator models with the same equations as (3-16) are also developed in Simulink. Simulation of the generators is realized according to Fig. 3‑4, where the calculated three phase voltages are given as input signals to drive three “Controlled Voltage Source” blocks in Simulink. These ideal voltage sources can precisely replicate their input signals. Both of the Simulink and HTB systems are implemented with AGC, automatic voltage regulator (AVR), and power system stabilizer (PSS). In AGC, B1 = 21, KI = 0.05, and in AVR, KA=200, TR=0.01 [80]. The capacitors on bus 7 and 9 are combined with the Load 7 and 9 as ZIP loads, which consist 20% constant Z, 20% constant I, and 60% constant P in both simulation and experiment. The operating point of the two-area system is shown in Table 6‑3.
[bookmark: _Ref405560415][bookmark: _Toc405563035]Table 6‑3 Generator and load operating point (p.u) in Kundur’s system.
	G1 active power
	G2 active power
	G3 active power
	G4 active power
	C7

	0.78
	0.78
	0.8
	0.78
	0.209

	L7 active power
	L7 reactive power
	L9 active power
	L9 reactive power
	C9

	1.07
	0.11
	1.96
	0.11
	0.208


To observe different modes in the two-area system, a step change in the active power at load 7 from 1.07 p.u to 1.17 p.u is applied. Simulated and experimental results of generator frequency, output power response, voltage amplitude of different buses, and inter-area mode (frequency difference between generator 1 and 3) during the disturbance are compared and demonstrated in Fig. 6‑3. The above experimental data are acquired from LabVIEW with 10 Hz sampling frequency.
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	 (a) Current output of each emulator.
	(b) Inter-area mode.
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	(c) Generator 1 frequency response during disturbance.
	(d) Generator 2 frequency response during disturbance.
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	(e) Generator 3 frequency response during disturbance.
	(f) Generator 4 frequency response during disturbance.
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	(g) Generator 1 output active power during disturbance.
	(h) Generator 2 output active power during disturbance.
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	(i) Generator 3 output active power during disturbance.
	(j) Generator 4 output power during disturbance.
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	(k) Load 7 power consumption during disturbance.
	(l) Load 9 power consumption during disturbance.
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	(p) Voltage amplitude of bus 1, 2, 3, and 4 in simulation.
	(q) Voltage amplitude of bus 1, 2, 3, and 4 in experiment.
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	(m) Bus 7 voltage amplitude during disturbance.
	(n) Bus 9 voltage amplitude during disturbance.
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	(o) Reactive power output of each generator in simulation.
	(r) Reactive power output of each generator in experiment.


[bookmark: _Ref405484710][bookmark: _Toc405563023]Fig. 6‑3. Comparison between simulation and experimental results of the two-area system during the disturbance.
 Fig. 6‑3(a) shows the output current of the generator emulator 1-4 and the input current of load emulator 7 and 9 during the disturbance. As demonstrated in Fig. 6‑3(b), the inter-area mode is obtained by subtracting generator 1 to 3 frequency data with the same time stamp. Simulation and experimental result match well in oscillation frequency, but with a slightly different damping ratio. Frequency and output power response from each generator and load emulator during the disturbance are demonstrated in (c)-(l). Voltage amplitude of bus 1-4, 7 and 9, and reactive power output of each generator emulator are shown in (p)-(r). In (b)-(l), (m), and (n), blue curves indicate simulation results, while red curves experimental results. In (p)-(o), and (r), G1-G4 indicates the output of each generator 1-4. The profile of each curve in the experiment is the same as the simulation result with very small error. The discrepancies between the simulation and experimental results are mostly caused by two reasons. First, the converters in the HTB are designed for much higher power ratings than what are used in the experiment. The voltage and current sensors are not accurate enough for subtle changes. Second, copper and core loss in an inductor is very hard to obtain. Some of the inductors used in the HTB, such as line 1-6, 2-6, 7-9, and 3-10 are DC inductors, which are designed for a comparatively narrower working range than AC inductors, and thus higher loss with alternating current. The difficulty of getting the accurate resistance/loss of an inductor will cause differences in the simulation and experimental results. Therefore, emulating long transmission lines with proper models is of great importance in the HTB. Ongoing work is being conducted in this area by using a back-to-back converter. In conclusion, the HTB is capable of representing a target power grid system correctly and accurately, thereby can be used for various power system research and experiments.
[bookmark: _Toc406676511]Voltage Stability
A voltage collapse scenario is designed and realized in HTB. The operating point of the two-area system is described in Table 6‑4. Voltage collapse is achieved by ramping load 9 active power consumption from operating point to 1.41 p.u, and reactive power consumption to 0.138 p.u. Two cases are carried out in the HTB: no action is taken in case1 while shunt reactive power compensation on bus 9 is added in case 2. Simulation model in this scenario is the same with the small signal disturbance case described in 6.2.1.
[bookmark: _Ref405541514][bookmark: _Toc405563036]Table 6‑4 Generator and load operating point (p.u) in the voltage collapse scenario.
	G1 active power
	G2 active power
	G3 active power
	G4 active power
	C7

	0.494
	0.556
	0.667
	0.05
	0.209

	L7 active power
	L7 reactive power
	L9 active power
	L9 reactive power
	C9

	0.556
	0.11
	1.11
	0.11
	0.208
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	(a) Active power of load 9 during ramping.
	(b) Bus 9 voltage during ramping.
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	(c) Generator 1 frequency during ramping.
	(d) Load 9 P-V curve.
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	(e) Generator 1 active power during ramping.
	(f) Generator 1 reactive power during ramping.
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	(g) Generator 2 active power during ramping.
	(h) Generator 2 reactive power during ramping.
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	(i) Generator 3 active power during ramping.
	(j) Generator 3 reactive power during ramping.
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	(k) Generator 4 active power during ramping.
	(l) Generator 4 reactive power during ramping.
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	(m) Load 7 active power during ramping.
	(n) Bus 7 voltage during ramping.
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	(o) Load 7 reactive power during ramping.
	(p) Load 9 reactive power during ramping.


[bookmark: _Ref405541922][bookmark: _Toc405563024]Fig. 6‑4. Comparison between simulation and experimental results of the two-area system during voltage collapse.
Comparison between the simulation in Simulink and the experiment by HTB for case 1 is demonstrated in Fig. 6‑4, where the blue curve represents simulation results, and red curve experimental. At t = 80 s, as shown in Fig. 6‑4 (a), Load 9 active power starts ramping from the operating point. Active power and reactive power output of each generator during ramping are compared in Fig. 6‑4 (e)-(l). Load 7 active power consumption, bus voltage, and reactive power are shown in (m)-(o). The P-V of Load 9 during the voltage collapsing is compared in (d). The profile of the above experimental results match closely with the simulation results, but a mall error exists especially in the reactive power. Once again, the reason that causes the difference lies in the uncertain transmission line parameters, especially the loss on inductors that influences the power flow in the whole system.
In case 2, 0.132 p.u shunt reactive power compensation on bus 9 is triggered at the beginning of the ramping process. Active power consumption and bus voltage on Load 7 and 9 are compared in Fig. 6‑5.
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	(a) Load 9 active power during ramping.
	(b) Bus 9 voltage during ramping.
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	(c) Load 7 active power during ramping.
	(d) Bus 7 voltage during ramping.


[bookmark: _Ref405563038][bookmark: _Toc405563025]Fig. 6‑5. Comparison between simulation and experimental results of the two-area system during voltage collapse scenario with shunt compensation.
[bookmark: _Toc406676512]Conclusion
Utilization of PLL can ensure smooth transition and accelerate the process of synchronization, and the emulators can then be easily interconnected to form a multi-generation system. Furthermore, the HTB with a two-area system is verified in small signal and voltage stability case by comparing the experimental data with simulation data.



[bookmark: _Toc406676513]Conclusion and Future Work
[bookmark: _Toc406676514]Conclusion 
In this proposal, a generator emulator is developed and verified. The conclusions can be drawn as follows:
1. The behavior of synchronous generators with different models presents little difference, especially in steady-state. The fourth-order model, which includes transient parameters, is adopted preliminarily. The converter interface can be controlled either as a voltage source or a current source. However, in order to establish the voltage and frequency of the rest of the system, as the basic function of a real synchronous generator, input-current output-voltage interface is adopted in this PHIL system. At the same time, closed-loop voltage controller is needed for better performance.  
2. The behavior of the converter based generator emulator is influenced by the converter’s loop gain and output impedance. A single voltage controller is adequate for the topology with only inductor filter. A current feed-forward can decrease the converter output impedance, and a reference feed-forward will increase the bandwidth of the voltage loop without increasing PI controller parameters. By using the above control loops, the disturbance caused by the converter interface is decreased. Simulation and experimental results are given to verify the effects.
3. The TFP method compares the transfer function of the original system without PHIL interface, and the actual PHIL system, thus error is a function of frequency. The reference feed-forward and current feed-forwad can decrease the error in the frequency range of interest. However, the error function is also related to the loading condition. With the increase of the load power, the error increases too. Within the operating range of a generator (up to 120% loading), the TFP based error is less than 5%. At the same time, the error will also influence the closed-loop controller in the model, such as the AVR. The phase margin and the cutoff frequency of AVR is barely changed, but larger error on gain margin with increasing load.
4. Utilization of PLL can ensure smooth transition and accelerate the process of synchronization, and the emulators can then be easily interconnected to form a multi-generation system. Furthermore, the HTB with a two-area system is verified in small signal and voltage stability case by comparing the experimental data with simulation data.
[bookmark: _Toc406676515]Future Work
In a simple three-phase RL circuit, as demonstrated in Fig. 7‑1, the short circuit current is composed of two elements: a transient unidirectional component and a steady-state ac component, as shown in Fig. 7‑2. Similarly, if a three-phase fault is applied at the terminal of a SG, the short circuit current will also include the above two components. The difference is that in the SG short-circuit case, the magnitude of the fundamental frequency component will decay very rapidly in the first beginning and then slowly later on to a steady-state value, as shown in Fig. 7‑3. On dq-axis, the fundamental frequency component of the three-phase current is reflected as dc component, while the unidirectional component as a fundamental component.
However, short-circuit at the terminal of a voltage source converter based emulator is not feasible, thus requiring a transmission line with a certain distance between the emulator terminal and the shorted point. 
 Short-circuit can be seen as an extreme case of over load. As mentioned in 5.1, errors caused by a PHIL interface will grow with the increasing load power consumption. One reason is that the converter output impedance is comparatively small when load impedance is large, thus imposing negligible influence on the system response. In overload condition, where load impedance is now small enough, the converter output impedance cannot be ignored and will significantly impact the system response. 
To further explain the idea, simulations with the structure demonstrated in Fig. 7‑1 are conducted. In case I, an ideal voltage source is connected with a RL circuit, while in case II the ideal voltage source is replaced by an emulator that mimics its behavior. The responses of the two systems under load step change are compared in Fig. 7‑4. The current responses of the two cases overlap with each other with negligible error.


[bookmark: _Ref405817652]Fig. 7‑1. RL circuit.
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[bookmark: _Ref405823541]Fig. 7‑2. Short-circuit current in a RL circuit.
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[bookmark: _Ref405824123]Fig. 7‑3. Short-circuit current in a SG at its terminal.
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	(a) Comparison of the output voltage in case I and II on dq-axis.
	(b) Comparison of the output current in case I and II on dq-axis.


[bookmark: _Ref405831163]Fig. 7‑4. Comparison of the system response under load step change in case I and II.
However, when a three-phase short circuit is applied, with the same controller, obvious voltage deviation can be seen in case II from Fig. 7‑5(a), which results in different current response, as shown in (b). 
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	(a) Comparison of the output voltage in case I and II on dq-axis.
	(b) Comparison of the output current in case I and II on dq-axis.


[bookmark: _Ref405831532]Fig. 7‑5. Comparison of the system response under short-circuit in case I and II.
The situation will be even more complicated with generator model. As discussed in 4.4, the output impedance of a generator emulator is related not only to the converter output impedance but also the closed-loop gain. By only comparing the actual output and the model reference does not guarantee the accuracy of the emulation. 
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	(a) Voltage reference and feedback on dq-axis in case 1.
	(b) Voltage reference and feedback on dq-axis in case 2.
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	(a) Comparison of current response on dq-axis in case 1 and 2.


[bookmark: _Ref405835599]Fig. 7‑6. Comparison of generator emulator response with different control parameters.
As shown in Fig. 7‑6, two cases are studied with a three-phase fault applied at a generator emulator through a short transmission line. In case 1, the reference feed-forward is applied, while in case 2 KR = 0. It can be concluded from the comparison between the reference voltage and actual output voltage in each case, that the emulator can track its reference well with small error. However, the current response is totally different in each case. Considering the absence of the original system, controller design with accurate response in this circumstance can be difficult.
The future work will mainly focus on the following two aspects to develop a fully functioning generator emulator and evaluate its performance:
1. Develop fundamental model of the synchronous generator as described in (3-2) to (3-14) to ensure proper response in fault condition.
2. Utilize the error estimation to guide the controller design in a generator emulator in symmetrical fault, and at the same time, verify the error estimation. 
3. Evaluate the error caused by noises in a PHIL interface, such as dead-time, and evaluate its total error. 
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