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Abstract

:

Phasor measurement units (PMUs), which are the key components of a synchrophasor-based wide area monitoring system (WAMS), were historically conceived for transmission networks. The current trend to extend the benefits of the synchrophasor technology to distribution networks requires the PMU to also provide trustworthy information in the presence of signals that can occur in a typical distribution grid, including the presence of severe power quality (PQ) issues. In this framework, this paper experimentally investigates the performance of PMUs in the presence of one of the most important PQ phenomena, namely the presence of voltage fluctuations that generate the disturbance commonly known as flicker. The experimental tests are based on an ad-hoc high-accuracy measurement setup, where the devices under test are considered as “black boxes” to be characterized in the presence of the relevant signals. Two simple indices are introduced for the comparison among the different tested PMUs. The results of the investigation highlight possible critical situations in the interpretation of the measured values and provide a support for both the design of a new generation of PMUs and the possible development of an updated synchrophasor standard targeted to distribution systems.
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1. Introduction


Whatever new management/business models can be envisaged for modern power systems, they are based on the availability of suitable information and, consequently, new measurement solutions are required for their practical implementation. In particular, the increasing complexity of the electric distribution grids, with, for example, the growing penetration of distributed generation plants fed by renewable energy sources, as well as the increasing relevance of PQ disturbances, calls for critical changes in network monitoring. The smart grid (SG) paradigm, in its several different declinations, emphasizes the power system as a cyberphysical system, where information quality is critically dependent on coordination among elements composing a distributed system. In this context, the primary involved factors are accuracy, cost-effectiveness, synchronization, communication quality, reliability, and timeliness. The transition toward a smarter network management approach thus implies the need for a new and better performing measurement infrastructure.



To this purpose, the possibility of exploiting at a distribution level the benefits of high-performance measurement devices and systems, currently deployed in the transmission grids, and can be explored. This refers in particular to the synchrophasor technology, which is the key element of modern WAMSs. In WAMSs, synchronized phasors, frequency, and rate of change of frequency (ROCOF) are measured by the PMUs which are sent to the corresponding phasor data concentrator (PDC), where these data are collected, stored, and correlated, using the absolute time reference associated with every measured value [1,2,3]. The main features of PMUs and WAMSs allow them to outperform the classical architectures based on supervisory control and data acquisition (SCADA) in terms of accuracy, synchronization, reporting rate, etc. For this reason, the number of PMUs and PDCs installed is growing quickly in different countries.



Even though the overall performance of a WAMS depends on the behavior of all its components, including the communication infrastructure, the first uncertainty source to be considered arises from its “sensing” element, namely the PMU. Thus, it is of utmost importance to define the metrological performance expected from PMUs under different possible operating conditions.



This goal is currently accomplished mainly by applying the latest standard IEEE/IEC 60255-118-1-2018 [1], as well as the guides [2,3] and standards [4,5,6], representing reference documents for synchronization, calibration, testing, and installation of PMUs. The test conditions and the relevant limits defining the performance classes in these standards clearly reflect the fact that PMUs were originally conceived for the monitoring requirements of transmission systems [7,8,9,10].



Several projects have been already funded worldwide on the possible applications of synchrophasor systems to distribution grids [11]. To assess the practical feasibility of such applications, the fact must be stressed that the characteristics of the electrical quantities in these systems may differ substantially from those considered as reference test conditions in [1] and, consequently, the metrological performance of the PMUs may substantially differ as well. Therefore, to effectively extend the synchrophasor technology to the distribution level, it is necessary to test the PMUs with more realistic signals. In particular, several power quality (PQ) disturbances may affect the voltage in distribution networks, see for example [12,13,14]. They are defined, for example, in the standard describing the main characteristics of the AC voltage in public low, medium, and high voltage networks, under normal operating conditions [15]. It is possible to mention several papers discussing PMU characterization results, obtained considering all or most of the standardized tests (see for instance [16,17,18,19,20]). On the contrary, PMU measurements obtained considering signals that better represent the realistic conditions of distribution systems, and thus are affected by possible PQ issues, are still not appropriately analyzed. Among them, voltage fluctuations, causing the PQ disturbance known as flicker, are assuming an ever-increasing role [21,22]. This is witnessed, among others, by the recent document released by the CIGRE WG C4.111 [23].



Flicker-generating voltage fluctuations can be challenging for PMU characterization, since the frequency ranges considered for the quantification of these signals are spread across quite a wide frequency band. Thus, depending on its specific frequency, a fluctuation can be considered as either a dynamic signal of interest, which PMUs are expected to follow appropriately, or a disturbance to be rejected.



By highlighting the lack of a clear interpretation, in the international standards on synchrophasors of the PMUs behavior during the voltage fluctuations outside the modulation range, this work aims at emphasizing the possible different behaviors of current commercial PMUs in the presence of these signals and, thus, the risk of an incorrect/ambiguous analysis of the electrical phenomena under investigation. In particular, the relationship of the PMU’s behavior with different reporting rates and maximum modulation bandwidth will be discussed.



Unfortunately, most commercial PMUs do not provide clear and comprehensive information on the implemented algorithm, making it necessary, for the user, to have a proper characterization process tailored for the unconventional conditions of interest. A first study about the possible misinterpretations of the data measured by a PMU in the presence of voltage fluctuations was presented in [24]. Starting from the outcomes of [24], this paper presents a systematic and detailed study of the performance of commercial PMUs in the presence of different types of voltage fluctuations. To this purpose, the methodological approach has been changed with respect to [24], moving from a “controlled” situation, where the algorithms used by the measurement devices are known, to a more realistic and practical condition, where all the measurement devices are “black boxes” to be experimentally characterized. Furthermore, the analysis has been extended also by considering, besides the synchrophasors, the frequency and ROCOF, and by introducing and discussing two simple indices, for the sake of a more quantitative and meaningful comparison among the different tested PMUs.



The study is based on an ad-hoc experimental setup and an appropriately designed test suite following the technique recently suggested in the Annex I of [1] to determine the actual measurement bandwidth of the PMUs. The characterization tests have been inspired by [15] and by the latest release of the international standard about flickermeters [25]. The dependence of the PMU behavior on the specific configuration of the device (reporting rate, parameters of the measurement algorithm, etc.) is discussed. The potential practical issues, or even the conceptual incongruences, that can emerge in the interpretations of PMU measurement results obtained in these operating conditions are highlighted.



The structure of the paper is organized as follows: Section 2 discusses the relationship between the models of voltage fluctuations and the modulation and out-of-band signals described in the PMU standards; Section 3 presents the architecture of the test setup and the evaluation process considering two possible interpretation of the results; Section 4 presents the results obtained from three different commercial PMUs, focusing on both total vector error (TVE) performance and frequency measurement results, and Section 5 highlights the conclusions.




2. Voltage Fluctuations and PMU Requirements


2.1. Models of Voltage Fluctuations


In the international electrotechnical vocabulary, the phenomenon known as flicker is defined as “impression of unsteadiness of visual sensation induced by a light stimulus whose luminance or spectral distribution fluctuates with time” and is generated by fluctuations of the voltage root mean square (rms), caused by the varying operating conditions of industrial loads and/or generators.



According to [15,25], the flicker severity, i.e., the intensity of flicker annoyance, is evaluated on both a short term ten-minute period and a long term two-hour interval, estimating the indices “short-term flicker”, Pst, and “long-term flicker”, Plt, respectively, both expressed per unit (see also [26] for further details on Pst). The standard [25] defines the parameters of the reference signals to test the flickermeter.



Nevertheless, the report [23] focused on the effects that voltage fluctuations may have on the behavior of non-lighting equipment, causing possible malfunctions, heating effects, loss of life, and even equipment failure. Thus, this study opened the door to the definition of compatibility level specifications not based solely on lighting products.



Voltage fluctuations can be modeled using an amplitude modulated signal. As is well known, modulating a sinusoidal signal having fundamental frequency f0 and amplitude A0 by a sinusoidal signal with modulating frequency fm and amplitude Am gives rise to two additional spectral components (f0 ± fm) symmetrically placed around f0 (Figure 1).



According to [25], the frequency range of the modulation signal spans from 0.5 Hz to 33.33 Hz. This applies to 50 Hz systems. Considering 60 Hz systems, the phenomenon is modeled with a modulation frequency that ranges from 0.5 Hz to 40 Hz.



In a dual manner, signal modulation can be caused by the presence of interharmonics located around the fundamental frequency that behave as the two sideband components of the above-described phenomenon [27,28].




2.2. Modulations and Out-of-Band Signals in Standard PMU Testing


The synchrophasor standard [1] defines two classes of performance: P and M. The P class is suitable for applications that need speed and low latency, while the M class is suitable for applications that require a better rejection of disturbances. An entire test suite is defined for each class and performance specifications are given for each test in terms of TVE, frequency error (FE), and ROCOF error (RFE). The TVE represents the synchrophasor error and is defined as:


   TVE ≜      p ^  −  p  r e f          p  r e f         



(1)




that is the relative magnitude of the vector error (difference between the measured    p ^    and reference     p  r e f      synchrophasors) with respect to the magnitude of the reference phasor. TVE is typically expressed as a percent value. As far as FE and RFE are concerned, their absolute values are used as indices. The standard defines limits for these three indices together, with additional limits for latency and step-response parameters.



Focusing on the PMU test conditions reported in the synchrophasor standard, two tests can be considered as related to voltage fluctuations, where the quantities of influence depend on the class of performance:




	
The amplitude modulation test, in which the signal at nominal frequency has a time-varying cosinusoidal amplitude. This test signal is introduced to be representative of a dynamic condition that the PMU must be able to measure. Thus, the synchrophasor magnitudes estimated in this condition are expected to follow the signal amplitude evolution. According to [1], to guarantee the interoperability of PMUs from different manufacturers, the device performance must remain within the given TVE, FE, and RFE limits when the modulation frequency is up to 2 Hz, in the case of a p-class device, and 5 Hz for M-class PMUs.



	
The out-of-band (OOB) interference test, in which the signal is affected by a single interharmonic component. Interharmonics are considered as disturbances and M class PMUs (the only PMUs for which OOB test specifications are given) must properly filter them out.








Besides these requirements, the guide [4] and the standard [1] define for the PMU an in band range (also indicated as passband in Table 3 of [1], which includes the modulation frequency range) and a stopband region (including the OOB interference frequencies). In a simplified way, the PMU passband range is determined based on both the nominal frequency f0 and the reporting rate Fs as follows:


    B  P M U   ≜   f −  f 0    <    F s   2    



(2)




indicating the Nyquist bandwidth of the PMU with respect to its reporting rate (thus giving an idea of the maximum speed of dynamic phenomena the PMU can follow without aliasing). The complementary region of the spectrum is thus considered as a stopband region that includes disturbances to be rejected.



According to [1], synchronized phasor measurements should be evaluated with a reporting rate submultiple or multiple of f0 (e.g., Fs = 10, 25, 50, and 100 frames/s, fps in the following, for f0 = 50 Hz). PMUs can be also configured with a reporting rate lower than 10 fps, but, in this case, they are not subject to the dynamic requirements. For the special case, where Fs = 100 fps, all the frequencies in the range from 0 to 2 f0 are considered in band. In this case, according to [1], the OOB interferences are considered in the frequency range from second to third harmonic.



A typical reporting rate used in transmission grids is half the system frequency [29], which is a significant improvement compared to traditional monitoring technology based on SCADA. It is worth highlighting that the Fs value should be chosen according to the type of electrical phenomenon that is of interest, but it is also influenced by the constraints imposed by the monitoring and management architecture.



As an example, Figure 2 shows the different frequency bands for the case of an M-class PMU configured with Fs = 50 fps. In particular, the ranges represented with gray stripes in Figure 2, included in the in band range, highlight the large transition regions that are not involved in the tests considered in the current version of the synchrophasor standard [1], since no test signals present frequency components in these ranges.




2.3. Voltage Fluctuations and PMU Specifications


Different situations may arise when voltage fluctuations are present in the PMU input signal, depending on the frequency of the phenomenon. If the fluctuation frequency exceeds the PMU Nyquist frequency, Fs/2 (see [1,30] for details), the two spectral components fm shown in Figure 1 fall within the PMU stopband (OOB regions in Figure 2) and are thus considered as disturbances.



On the other hand, fluctuations up to the modulation frequency limit defined in [1] should be considered as amplitude modulations, i.e., dynamic phenomena that a PMU is requested to follow carefully.



Between these two ranges, there are frequency ranges (grey stripes in Figure 2) that are within the in band region defined in [1,3], but are not explicitly considered by any specific tests in either of the two ways. Therefore, PMU measurements may lead to different interpretations of flicker-generating voltage fluctuations, depending on the considered frequency ranges or on the PMU implementations and configurations, thus giving rise to possible debatable situations [24].



As already recalled, standard [1] suggests testing the PMU with amplitude and phase sinusoidal modulated input signals and sweeping the modulation frequency in a range whose upper limit varies from 2 Hz to 5 Hz, according to the PMU compliance class (which is usually configured in commercial PMUs).



However, the electrical phenomena observed in the real context of modern electric networks could be faster than 5 Hz. In [31], for instance, it is recalled that, during transient stability swings, oscillation frequencies can be in the range of 0.1–10 Hz, while in [32] it is specified that “The spectrum of frequency of interest with potential oscillatory activity goes from 0.1 Hz up to 50 or 60 Hz”.



The frequency ranges involved in these phenomena, which can occur in the electric grids at every voltage level, cannot be adequately analyzed even with the maximum reporting rates currently defined for PMUs. For these reasons, [1] permits the use of other reporting rates. Even higher Fs are considered desirable [29] for applications trying to detect subsynchronous resonance. However, the increase of the reporting rate should be accompanied by a suitable increase of the modulation frequencies used for the bandwidth test. If this does not happen, the higher rates might not properly reflect the actual measurement capabilities of the PMU. In order to show this possible incongruence, Figure 3 points out the frequency band fm ± Fs/2 for different Fs values, along with the maximum modulation frequencies considered in the standard tests (compliance with the M class and P class), whose position does not change for different values of Fs.



Finally, it should be taken into account that the behavior of the PMUs in the presence of these kinds of signals may strongly depend on the adopted measurement procedure, but PMUs’ manufacturers usually do not provide enough information on the implemented algorithms. At the same time, PMUs are also specifically targeted to distribution systems which are usually claimed to be compliant with the only standards currently available and thus they are tested under the test conditions defined in those documents (i.e., [1,2,3,4,5,6]), which, as recalled above, were driven by the needs of the transmission systems. Triggered by all the above considerations, in the following section, an appropriate experimental characterization test setup is presented, designed with the aim of analyzing the PMU performance in the presence of possible voltage fluctuations and putting in evidence concerning the risk of misinterpreting the relevant measurement results.





3. Test Setup


To analyze the behavior of PMUs in the presence of voltage fluctuations with different modulation frequencies, three commercial devices with different possible configurations have been tested. The problem is not to evaluate the accuracy of the measurements, but to first understand the reference value with respect to which such accuracy must be evaluated.



The commercial PMUs have been tested with the highest selectable reporting rate for a 50 Hz system (    F s  = 50    or 100 fps) to evaluate fast dynamic events. The schematic representation of the test architecture is described in Figure 4. The chosen PMUs are characterized by several features: in the following, the main characteristics of each device under test (DUT) are reported.



PMU A is a device with a built-in GPS receiver able to measure the synchronised phasor up to 50 fps. The device is compliant with the 2005 version of the standard [4], and offers a wide range of configurations that might help in optimizing the measurement process. The two main selectable characteristics are the window type and window length, which define the characteristics of the weights employed to preprocess each sample record for synchrophasor extraction and thus directly impact on accuracy and latency of the measurement process. Any change or tuning of the parameters in the PMU algorithm can modify the performance of the device and make it suitable for a specific class. In the technical datasheet, a maximum TVE of 0.1% for all the contributions is reported, except for the estimation algorithm error. To underline different performances with the same reporting rate, the device has been tested with two different measurement configurations. For a more exhaustive comparison with the other devices, among the available configurations, the following ones have been used, inspired by those of the two algorithms suggested in the synchrophasor standard for p and M compliance classes:




	
P-like configuration: Window type: triangular; window length: two cycles at nominal frequency.



	
M-like configuration: Window type: Hanning; window length: seven cycles at nominal frequency.








PMU B is a programmable IED (Intelligent electronic device) characterized by a built-in synchronization provided by a GPS receiver. The device is fully compliant with [5] and presents two different measurement configurations, called P and M, respectively. The technical datasheet does not include any information about the implemented algorithm. The reported measurement accuracy is a maximum TVE less than 1%. The maximum reporting rate     F s     available in the device is 50 fps.



PMU C is compliant with [5]. The synchronization is obtained with the IEEE 1588 protocol through an external GPS receiver with the functionality of grand master [33]. The device is characterized by an     F s     up to 100 fps for the P configuration and up to 50 fps for the M configuration. The declared maximum TVE% is less than 1%.



The PMUs are tested using reference three-phase voltage signals generated by a power signal generator (OMICRON CMC 256 plus and CMIRIG-B) able to synchronize the phase angle of the generated signal, with respect to the UTC time reference. A GPS receiver Symmetricom with a time accuracy up to ±100 ns has been used to feed the CMIRIG-B module. The CMC 256 plus can also provide the PQ signals based on the tables specified in [25], which can be used for the calibration of a flickermeter. In particular, test signals that can be represented by the following voltage modulation equation are used:


   v  t  = V   1 +  1 2    Δ V  V  sin ( 2 π  f m  t )   sin ( 2 π  f 0  t )   



(3)




where     f 0     is the nominal system frequency, while      Δ V  V     and     f m     are the relative voltage change and the frequency modulation, respectively. Despite [25] defining different voltage changes for different test frequencies, a single level of relative voltage change is used in the following, for the sake of a clearer comparison. In particular, as suggested for the bandwidth test in [1], a 10% voltage amplitude modulation factor is used (    1 2    Δ V  V  = 0.1   ). The different modulation frequencies adopted in the tests are specified in [25] and reported in Table 1. A maximum modulation frequency of 24 Hz is reported in the results when Fs is equal to 50 fps, according to the Nyquist limit represented by Equation (2).



The data from the PMUs under test are collected by a computer with PDC functionality. Afterwards, all the measurements and their time-tags are evaluated with a software developed in LabVIEW environment.



The synchronized phasors obtained from the DUT are evaluated using, as performance index, the maximum TVE% in one-minute measurement tests. The acquired data are evaluated with two different and complementary interpretations following the flowchart in Figure 5:



Case 1: The sinusoidal voltage changes are considered as signals of interest and thus the performance is evaluated as the ability of the PMU to follow the dynamic variations of the voltage amplitude for every modulation frequency.



Case 2: The sinusoidal voltage changes are considered as disturbances and the performance is evaluated as the rejection capability of the PMU.



FE and RFE values are also evaluated, and the outcome can be considered univocal, since all the measurements are compared with the reference values of 50 Hz and 0 Hz/s (for frequency and ROCOF, respectively), without any interpretation problems.



Besides the plots of the above defined errors, in the following, two concise indices will be used. Their definition is based on a threshold TVE% = 3%, which is the maximum error permitted under dynamic conditions in [1]. In particular, among the test modulation frequencies shown in Table 1, the highest value that allows a maximum TVE% < 3% in Case 1, which represents the actual PMU bandwidth, will be indicated as     f   max   TVE  3 %     . The minimum frequency value, again among the test modulation frequencies of [25], for which the maximum TVE% < 3% in Case 2, i.e., the minimum frequency of a disturbance the PMU is able to adequately reject, will be indicated as     f   min   TVE  3 %   .    It is important to highlight that these values represent useful parameters for the comparison, but, since the PMU can even implement nonlinear processing routines, they do not fully represent the PMU filtering behavior and only the full test analysis can address the characterization in the presence of fluctuations.




4. Test Results


In the following, the results of the experimental analysis for the aforementioned commercial PMUs are described in detail, focusing on both TVE performance and frequency measurement results.



4.1. TVE Results


Figure 6a reports the results of TVE% for Case 1 and Case 2 using the “P” configuration of PMU A. As recalled above, with     F S     = 50 fps, the maximum frequency that can be tested to avoid aliasing is 24 Hz [34]. A horizontal red line at 3% is reported to allow defining     f   max   TVE  3 %      and     f   min   TVE  3 %     . In this case, it is     f   max   TVE  3 %   = 15    Hz, whereas     f   min   TVE  3 %      cannot be defined for this test, since PMU A with P-class settings is not designed to cancel interharmonics. This points out how important the definition of the measurement framework is, since the presence of fluctuations in the network is obviously independent of the PMU application context, and thus the behavior of a P-class PMU can become unpredictable if a dedicated characterization is not performed. Figure 6b shows the TVE for PMU A with M configuration. It results in     f   max   TVE  3 %      = 5 Hz, while     f   min   TVE  3 %   =   9.5    Hz.



The results of PMU B with P configuration and     F s     = 50 fps are shown in Figure 7a. It is clear that PMU B is able to also follow fast amplitude modulation signals up to 20 Hz (    f   max   TVE  3 %   = 20    Hz). Again, it is not possible to identify a value for     f   min   TVE  3 %     .



Unlike the P class, the M configuration (whose results for PMU B are shown in Figure 7b) is able to reject interharmonic interferences and, for this reason, it shows a much narrower passband. Fluctuations above 12 Hz (    f   max   TVE  3 %      = 12 Hz) cannot be correctly followed and the behavior in Case 2 entails, dually, a significant rejection of fluctuations above 18 Hz.



PMU C (Fs = 50 fps) with configuration P shows a behavior (see Figure 8a) like that of PMU A. In fact, it is     f   max   TVE  3 %      = 15 Hz, while a value for     f   min   TVE  3 %      cannot be defined. With configuration M (Figure 8b), instead, PMU C has a behavior similar to PMU B:     f   max   TVE  3 %      reaches a value of 13 Hz, while     f   min   TVE  3 %      is equal to 18 Hz.



PMU C is the only DUT with an available     F s     up to 100 fps for the P class, and Figure 9 thus shows the TVE for the highest reporting rate suggested in the standard [1]. The test frequency can thus reach 33.33 Hz, which becomes the     f   min   TVE  3 %      (the corresponding TVE is 1.74%). For the other test frequencies, the behavior is the same as in Figure 8a, suggesting that the algorithm is the same as in the previous configuration.



Table 2 summarizes the results in terms of     f   max   TVE  3 %      and     f   min   TVE  3 %     . At     F s     = 50 fps values for     f   min   TVE  3 %      are obtained only for the M class configurations, while at     F s     = 100 fps, the PMU C also reaches this limit when configured as P class. The results of PMU C with configuration P and with the different reporting rates are similar. In this case, an increased value of     F s     does not allow the ability to obtain an increased value of     f   max   TVE  3 %     .




4.2. Frequency and ROCOF Results


As for FE and RFE computation, the reference values are characterized by constant values of 50 Hz and 0 Hz/s for frequency and ROCOF, respectively. To evaluate the performance, it could be useful to analyze the results by means of the limits suggested by the synchrophasor standard for modulation tests. This can give an indication, but it is important to remember that the fluctuation frequencies can be outside the modulation range. The P-class configuration allows a value of     f   max   TVE  3 %      higher than the configuration M, thus meaning the possibility to follow faster fluctuations, but this result is accompanied by higher values of FE and RFE. For instance, during the tests, the maximum value obtained for     f   max   TVE  3 %      with a P-class configuration is 20 Hz for PMU B, but in this same case, the values of |FE| and |RFE| are the highest obtained.



Figure 10a,b report the values of FE for configurations P and M, respectively, of the PMUs under test as a function of the test modulation frequency. The values of errors for PMU A and PMU C are always below the limits imposed for the bandwidth test for     F s     = 50 fps (FE limit is 0.06 Hz and 0.3 Hz for P class and M class, respectively). On the contrary, the FE of PMU B with configuration P increases with the increasing modulation frequency. Fluctuations thus have a strong impact on PMU B frequency measurements, which can easily become unacceptable even with much smaller voltage changes. With configuration M, instead, PMU B has lower accuracy for frequency measurements, which varies in a significant way with the fluctuation frequency. Finally, the FE results for PMU C with     F s      = 100 fps are very similar to those achieved with     F s      = 50 fps, confirming that the same algorithm is probably common to both reporting rates.



Analogously, Figure 11a,b show the results of the PMUs characterization in terms of RFE. The absolute RFE in Figure 11a increases with increasing modulation frequency for all the PMUs up to the Nyquist frequency, exceeding the P-class limit of 2.3 Hz/s defined in [1] for modulation tests. Moreover, also for RFE, the performance of PMU C (configuration P) remains almost the same when the reporting rate becomes higher than 50 fps. With the M configuration, the RFE is contained below the limit imposed by [1] (14 Hz/s, for     F s  = 50    fps). Even if the PMUs show different measurement accuracies, the RFE trend in Figure 11b suggests that fluctuations are either followed or cancelled without dramatically affecting ROCOF measurement. This once more highlights how every measured quantity has a different behavior under voltage fluctuations and the device specifications are not sufficient to give a representation of measurement performance in the presence of common PQ events.





5. Conclusions


The possibility of using high-performance measuring instruments, such as the PMUs, in a rapidly evolving context, such as that of electrical distribution networks, is attracting great interest from the operators of such systems. However, an effective use of these instruments requires that their performance be guaranteed in the conditions in which they will actually operate. This means, first of all, checking their behavior in the presence of voltage and current signals affected by significant power quality disturbances.



In this context, this work has presented and discussed the results of experimental tests carried out on some commercial PMUs in the presence of voltage fluctuations that give rise to the flicker. The performed characterization does not aim at highlighting the best or worst performance of the tested commercial devices, but at pointing out how possible different interpretations could be given to the PMU outputs in the same signal, depending on the quantity of interest. It emerged that the first step to solve the possible misinterpretations of the measurement results is to clearly define the objective of the measurement (e.g., to remove all non-fundamental frequency components or to follow the dynamic variation of a signal), which in turn depends on the requirements of the specific application. Only in this way, new and more suitable test conditions and performance evaluation criteria could be defined for PMUs targeted to distribution networks.



The results obtained, therefore, may represent a useful contribution, both for the preparation of a new synchrophasor standard specific for distribution networks, which pays the right attention to the performance of the devices in the presence of electrical phenomena typical of that type of network, and for PMU manufacturers, who will have clearer design criteria available, aimed at dealing with more realistic and often challenging conditions.
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Figure 1. Positive-side amplitude spectrum of a sinusoidal signal amplitude-modulated by a sinusoidal signal. 
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Figure 2. Out-of-band region, in band range, and modulation range for M Class with reporting rate 50 fps. 
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Figure 3. In band ranges for different reporting rates Fs and maximum modulation bandwidths required for the P class (green) and M class (red). 
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Figure 4. Test architecture. 
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Figure 5. Flow chart of the evaluation process. 
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Figure 6. TVE results for PMU A with P (a) and M (b) configuration. 
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Figure 7. TVE results for PMU B with P (a) and M (b) configuration. 
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Figure 8. TVE results for PMU C with P (a) and M (b) configuration. 
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Figure 9. TVE results for PMU C with P configuration and     F s     = 100 fps. 
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Figure 10. FE results for the PMUs with P (a) and M (b) configuration. 
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Figure 11. RFE results for the PMUs with P (a) and M (b) configuration. 
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Table 1. Flickermeter mandatory (bold printed) and optional modulation frequencies for sinusoidal fluctuations [25].
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	Hz
	Hz
	Hz
	Hz
	Hz
	Hz





	0.5
	4
	7.5
	8.8
	13
	20



	1
	4.5
	8
	9.5
	14
	21



	1.5
	5
	8.8
	10
	15
	22



	2
	5.5
	9.5
	10.5
	16
	23



	2.5
	6
	10
	11
	17
	24



	3
	6.5
	7.5
	11.5
	18
	25



	3.5
	7
	8
	12
	19
	33 1/3
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Table 2. Summarized results for the PMUs under test.
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DUT

	
Configuration

	
    f  max   TVE 3 %     ( Hz )   

	
    f  min   TVE 3 %      (Hz)






	
PMU A

50 fps

	
P

	
15

	
-




	
M

	
5

	
9.5




	
PMU B

50 fps

	
P

	
20

	
-




	
M

	
12

	
18




	
PMU C

50 fps

	
P

	
15

	
-




	
M

	
13

	
18




	
PMU C

100 fps

	
P

	
15

	
33.33
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