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Abstract-In this paper measurement results from a low voltage microgrid test facility are presented and analyzed using a black box modeling methodology based on Prony analysis. Several test cases are investigated with the microgrid operating in grid-connected and islanded mode, including step changes in loads and distributed generation units. The black-box modeling methodology is applied to the measurement results and can provide information considering the amplitude, the frequency and the damping of the oscillations appearing in the microgrid responses. Results show that the black-box model can represent with good accuracy the dynamic behavior of the microgrid. 
Index Terms—black box modeling; distributed energy resources; measurements; microgrids; power systems stability; prony analysis.
I. Introduction

The increased number of distributed generation (DG) units and storage devices connected to the distribution side of power systems form small-scale grids, usually known as microgrids (MGs). The integration of such units introduces a number of issues when disturbances occur concerning the stability and short circuit capability of the system. New control methods, protection principles and power management strategies for both DG units and storage devices need to be implemented in order to retain a certain degree of reliability and stability in the MG as well as to counteract the intermittent behavior of renewable energy sources [1] - [2].
Several research reports focus on the dynamic security assessment (DSA) and the evaluation of the dynamic performance of MGs in order to improve the dynamic performance and increase the stability of the system using mainly standard simulation tools and computational techniques [2] - [4]. Only recently some laboratory-scale MG systems have been developed, providing a reliable verification platform ‎ and a valuable tool for practical experimentation and research [5] - [8].
In this context the research project Modeling of Distributed Energy Resources Networks (MoDERN) in the framework of the Distributed Energy Resources research infrastructures (DERri) program has been implemented. Scope of the project is to evaluate a MG simulation model based on the concept of the technical Virtual Power Plant (VPP) and Distribution Network Cell (DNC), using Prony analysis and experimental results [9].  Experimental dynamic responses from the test cases are used to calibrate the model parameters as well as to evaluate the results from the simulations. The proposed model can simulate dynamic phenomena and can be used for transient/dynamic stability, voltage and frequency stability analysis. Each DNC will be able to connect with other similar models, simplifying the analysis of large scale power networks.
Scope of the paper is to present the methodology adopted in the MoDERN project, in order to implement a DNC model suitable for the stability and DSA analysis of MGs. The basic steps of the modeling procedure as well as experimental results are presented and analyzed.

In Chapter 2 the proposed modeling methodology is described, whereas in Chapter 3 the examined laboratory-scale MG system is analyzed. Chapters 4 and 5 present measurements and the simulation results obtained from the developed black-box models, respectively, and finally Chapter 5 contains the conclusions of this paper.
II. Proposed Methodology
Prony analysis is used to approximate a dynamic response y(t) with a sum of damped sinusoids as shown in (1).
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where, Ak, σk, fk, φk are the amplitude, the damping coefficient, the frequency and the phase, respectively [10]. The resulting model eigenvalues [11] are the system natural modes, characterizing the nature of the damping oscillations of the system transient response ‎[12] whereas 
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 is related to the oscillation amplitude. Prony term parameters are estimated from the recorded dynamic responses of the corresponding system variable, in order to implement black-box models [9], [13]. The examined system variables are the active (P) and reactive power (Q), the voltage bus (V), current (I) and frequency f. The proposed modeling procedure includes the following steps.

Step 1)
internal disturbances are applied to the MG system, e.g. load increases.

Step 2)
the dynamic responses of system variables are recorded at the point of common coupling (PCC) or at a DG unit point of connection.

Step 3)
Prony analysis is applied to the recorded dynamic responses to obtain an initial estimate of the corresponding model terms of the system variables.

Step 4)
Nonlinear least square optimization of the MATLAB curve fitting tool [14] is also used to further improve the initial estimate of Prony terms of Step 4.

Step 5)
Black-box models are implemented using the calculated Prony terms.
III. Laboratory-Scale Microgrid
A. Microgrid Topology
The experimental measurements were obtained from a low‑voltage (LV) three-phase, 400 V, 50 Hz, 100 kVA MG system, available at the University of Strathclyde. The MG includes DG1 and DG3 synchronous generators and an inverter interfaced generation unit DG2. All DG units provide frequency and voltage support in the MG using frequency – active power (f – P) and voltage – reactive power (V – Q) droop control. The MG also includes two static load banks and an induction motor. An 1.21 per-unit (p.u.) inductance L1 is used, emulating a weak interconnection with the PCC. The nominal characteristics of all system components and the MG configuration are presented in Fig. 1.
B. Test Cases

The dynamic responses of the system variables at every bus of the MG system are recorded with a sampling rate of 2 ms. The initial operating condition for the grid‑connected and the islanded mode of operation for MG#1 is the following:

· DG1, DG2 supply 1 kW/0.75 kVar, 5 kW/3.75 kVar.
· The static load of Sub-MG#1 is 5kW, with pf=0.8 lagging.

· The asynchronous motor also operates at nominal power.

In the islanded mode of operation Sub-MG#2 is also connected, with DG3 supporting the frequency and the voltage, acting as a feeder. In this case the static load of Sub-MG#2 is also connected with 17 kW and 9 kVAr.

The disturbances applied are dynamic internal MG disturbances and include load changes and changes in the power output of the DG units with different amplitude.
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Fig. 1. LV MG laboratory system configuration.

IV. Measurements
Recorded measurements for step load increases and step increases in the power output of DG units are presented for the grid-connected and islanded mode of operation. The dynamic behaviour of the MG is investigated at the PCC (Bus-3). The positive sign in all waveforms of active and reactive power shows that the MG consumes power; while the negative sign that the MG supplies power. More specifically, in the grid-connected mode of operation the public distribution grid receives or provides the surplus or deficiency of the MG power, whereas in the islanded mode the static load of Sub-MG#2 and DG3 are the corresponding units.

C. Grid-connected operation
In Fig. 2 the active and reactive power of the MG at the PCC are presented for the case of load increase in the 10 kW static load with a step of 10 % from 30% up to 50%. The corresponding responses of the voltage, current and frequency are presented in Fig. 3. The amplitude of the oscillation is increasing and the oscillations last longer as the amplitude of the step changes increases. This behaviour is observed both in active and reactive power responses. The voltage waveform does not present an oscillatory response, while the current is oscillating in a similar way with the active power. The disturbance recorded in the frequency response is caused by the synchronous generator DG1 due to the weak interconnection with the rest of the system.
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Fig. 2. Active and reactive power at the PCC for 30%-50% load increases..
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Fig. 3. Voltage, current and frequency at the PCC for 30%-50% load increases.
In Fig. 4 the active and reactive power of the MG at the PCC is presented for the case of active power output increase of the inverter interfaced unit DG2. Initially Sub-MG#1 is absorbing about 1.5 kW and as the power output of DG2 increases it reaches a point where it is feeding power to the main grid. The dynamic performance of the MG is similar to the previous case, since the amplitude and the duration of the oscillations increase with the step amplitude of the DG2 active power increase. The reactive power changes are caused by the respective voltage changes triggering the V-Q droop controllers, indicating that the reactive power is not decoupled from the active power in droop controlled LV MGs. The power output of DG2 is varied by changing the nominal point of the droop curve corresponding to 50 Hz.
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Fig. 4. Active and reactive power at the PCC for 30%-50% increases in the active power of DG2.
D. Islanded operation
In Fig. 5 and 6 recorded measurements for the case of gradual load increase from 30% up to 50% in the static load of Sub-MG#1 for all system variables are presented for the islanded mode of operation. As the step amplitude of the disturbance increases the oscillation of the duration of recorded response is longer and presents higher amplitude as analysed in the grid-connected mode. The oscillations observed in the islanded mode present a lower frequency and larger amplitude compared to the grid-connected case. These oscillations are caused by the larger DG3. However, the reactive power presents similar behavior with the grid-connected mode, since both DG3 and DG1 are equipped with similar excitation control systems.
The voltage response presents almost no oscillations and the current oscillates in a similar way to the active power generalizing the same behavior observed for the grid-connected case. The oscillations in the frequency response are caused by the slower dynamics of the large DG3. It is also observed, that the frequency in the new MG state is lower compared to the corresponding prior to the load disturbance, according to the droop control scheme of the DG units.
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Fig. 5. Active and reactive power at the PCC for 30%-50% load increases.
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Fig. 6. Voltage, current and frequency at the PCC for 30%-50% load increases.
In Fig. 7 the active and reactive power at the PCC is presented for the case of 30% to 50% active power increase of the inverter interfaced unit DG2. Compared to the corresponding results for the grid-connected mode in Fig. 4, the step changes have smaller amplitude, due to the fact that the frequency of the MG is not constant at 50 Hz after the disturbance. Therefore, changing the nominal point of the droop curve at 50 Hz does not lead to the same step changes in the DG2 power output.
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Fig. 7. Active and reactive power at the PCC for 30%-50% increases in the active power of DG2.
Different initial operating conditions are also investigated by varying the initial operating condition of the static load of Sub-MG#1. Three test cases are presented in Fig. 8 for 3.5 kW, 5 kW and 6.5 kW initial operating power of the static load with constant power factor equal to 0.8, lagging. The applied disturbance is a 40% increase in the static load in all cases. As the initial operating condition of the MG increases a small increase in the amplitude of the oscillation is observed in this case as well.
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Fig. 8. Active and reactive power at the PCC for different initial operating conditions.
V. Simulation Results
In this section the dynamic responses of the active and reactive power of the MG are calculated. In order to calculate the MG dynamic performance, the modeling methodology based on Prony analysis and nonlinear least square optimization as described in Section II is followed. Two Prony terms are required in most cases, one of which is of zero frequency representing the initial rise to the new operating condition. The resulting parameters from the model provide information considering the dynamic behavior of the MG. More specifically, the Ak parameters provide direct information about the amplitude of the oscillation, while the frequency fk and the damping coefficient σk about the frequency and damping of the oscillations, respectively. Table I shows the Prony parameters for the examined cases.
TABLE I

Prony Terms for Grid-Connected and Islanded Mode

	
	
	A1/A2
	f1/f2
	σ1/σ2
	φ1/φ2

	Grid-connected
	P
	3077/

538.9
	0/

3.31
	-39.67/

-2.6
	-1.56/

-1.84

	
	Q
	355.8/

911
	2.65/

27.87
	-6.637/

-67.33
	2.78/

-2.26

	Islanded
	P
	2635/

1358.4
	0.21/

2.6
	-0.922/

-20
	-0.124/

0.673

	
	Q
	1602/

832.4
	0/

0.76
	-145.7/

-4.397
	-1.55/

-3.295


In Fig. 9 results obtained using the simulation model and the corresponding measurements for the grid-connected mode are presented for a 40% increase in the static load of Sub-MG#1. The frequency involved in the active power response is 3.3 Hz and is related to the oscillations of the small synchronous generator DG1. For the reactive power two frequencies are observed, the first at 2.65 Hz caused by the excitation system of DG1, whereas the second is 27.8 Hz and is due to the fast reaction of the inverter interfaced DG2.
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Fig. 9. Simulation vs. measurement results in grid-connected mode. Active and reactive power at the PCC for a 40% increase static load increase. 
The same case for a 40% increase in the MG static load is analyzed in Fig. 10 for the islanded mode of operation. The dominant frequency in the active power response is 0.21 Hz and is due to the large synchronous generator DG3 although it is not part of the MG under study. However, the overall dynamic response of the MG is affected by the oscillations of DG3 since the fast acting inverter interfaced DG2 is equipped with an f-P droop controller. Therefore, the active power output is affected by the frequency oscillations, as analyzed in Fig. 6. Considering the reactive power, the frequency is calculated at 0.76 Hz, due mainly to the reaction of the excitation system of DG3 which is similar to that of DG1.
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Fig. 10. Simulation vs. measurement results in islanded mode. Active and reactive power at the PCC for a 40% increase static load increase.
The proposed modeling methodology can identify accurately the Prony terms, using measurements from a MG system. The results from the simulation model are in good agreement with the corresponding measurements under real operating conditions with noise. The same methodology can also be applied to all system variables, including the bus voltage, the current and the frequency, in order to develop a generic tool for the dynamic analysis of MG systems. The resulting method can be also used as a modeling tool that can represent fast and accurately the dynamic behavior of a MG without prior knowledge of the detailed parameters of the individual MG units when measurements are available.
VI. Conclusions
In this paper the recorded dynamic responses from a LV laboratory-scale MG are presented, considering small internal disturbances. The MG small-signal dynamics are simulated using a black-box modeling technique based on Prony analysis and nonlinear least square optimization. The proposed methodology can be used for the development of fast and accurate, measurement based black-box models, as well as for the analysis of the dynamic behavior of MG systems.

The methodology requires recorded dynamic responses, in order to extract the model parameters. An extensive set of cases are presented, for load increases with different amplitudes and different initial operating conditions as well as for increases in the power output of DG units. The extracted model parameters provide information regarding the amplitude, the frequency and the damping of the oscillations. The derived models are used in simulations and their results are evaluated using the corresponding recorded data, showing high accuracy.
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