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Abstract

:

In this paper, an efficient method to compute the phase impedance of a power distribution line is presented. This paper’s main interest is to collect and analyze the impedance–temperature profiles in distribution lines by employing real-time phasor measurement units (PMUs) voltage and current measurements. The monitoring system has been developed for microgrids integrating ocean energies within the scope of the Mexican Ocean Energy Innovation Centre (CEMIE-Océano), contributing to marine energy tools’ innovation and development. The development tool can easily be applied to other distribution network components or to monitor microgrids with renewable-energy generation.
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1. Introduction


In the planning and modeling of networks, the influence of temperature on power system devices is neglected, resulting in imprecise network analyses [1]. The impedance of a conductor changes on the basis of temperature and, in electrical systems, plays one of the most significant roles in analyzing an electrical system; it is an essential indicator for adjusting relays and wide-area monitoring of energy systems [2]. Knowing the impedance values of an overhead line in real time allows us to have a more accurate diagnosis of the network behavior, and, consequently, to make decisions related to the network’s load capacity, thermal limit, reliability, and low-performance stress conditions [3,4].



The main limitation in integrating renewable energies into distribution networks (DNs) is the remote locations of most renewable resources [5,6,7]. Additionally, the connecting network sometimes must be exposed to extreme natural changes, like ocean energies found in high-temperature zones. Conductors are subjected to temperature variations affecting the line’s impedance behavior through excessive losses, impairment of the conductor-insulating dielectric, overheating the network, thermal efforts, degradation of the conductor, and others [8].



DN operators face multiple challenges arising from renewable energy, electric cars, batteries, and further electrification; these affect energy quality by varying the demand for load [9,10,11]. The traditional way to obtain electrical parameters and compute impedance in distribution lines is on the basis of the lines’ geometric structures, the conductor’s dimensions, approximations of the length of the lines, and the conductors’ separation [12,13]. These calculations are only approximations of impedance, ignoring the value of the temperature variation that the conductors are exposed to [14].



Because of these issues, there is growing interest in performing a more detailed analysis of large-scale power systems in DNs. In [15], researchers estimated the parameters of an unbalanced distribution line belonging to a three-phase test network, considering systematic errors and measurements by PMUs. In [16], researchers focused on model reduction of a DN for state estimation based on PMUs and performed arbitrary selection of lines and network nodes based on load flow equations. In [17], researchers performed detection and localization of changes in the DN topology using data obtained by PMUs. This approach did not require information about the network model or particular characteristics of the disturbance. In addition, other options for monitoring variables in a synchrophasor DN have been reported, such as the micro-PMUs reported in [18]. In DNs, power flow is monitored without prior knowledge of the network topology with the use of phasor measurements as reported in [19]. In [20], two contingencies in the Enduris DN were modeled using real-time power flow values from a PMU and from the control and data acquisition system. This methodology formed the basis for calculating the initial condition of the load flow during each of the network contingencies.



Other researchers have focused on high impedance fault [21,22,23,24]. In [24], the impedance calculation was performed through the equivalent of Thevenin for power transfer limits in terms of voltage stability using a PMU. The researchers in [14] explored the admittance matrix of a polyphaser power DN from limited voltage- and current-measurement PMUs. Manageable convex programs were proposed to retrieve the admittance matrix under various scenarios and to track the changes. In [10], researchers presented an algorithm based on weighted least squares (WLS) for the simultaneous estimation of multiple impedances in multiple branches in a single-phase DN, using a monitoring system based on PMUs. In [25], researchers proposed a method to estimate transmission line pi-model impedance parameters and correct the PMUs for the presence of systematic errors in the measurements.



Contrary to previous studies, the objective of this paper is to analyze impedance during temperature changes that disturb the system. An innovative method to compute an overhead line’s impedance using phasor measurement units is introduced in this work. As a result, a novel system to monitor the impedance of a low-voltage test network without using the traditional models, but employing PMUs instead, is presented. PMUs provide voltage and current phase and angle and frequency oscillations at different points. These data increase the capabilities of network analysis software and support a more accurate system model. Line parameter estimation studies using PMUs have been reported in the literature [10,15,16]. The analysis of the temperature impact on impedance has also been considered, as reported in [2]. In contrast to these studies, the present paper conducts real-time monitoring of line impedance simultaneously in the presence of temperature variations. This work’s contribution is a new approach to computing impedance profiles in real time, taking into consideration the impedance variation related to temperature changes.




2. Methodology


This work used the test network installed in the Power Electronics Laboratory of the Institute of Engineering of the National Autonomous University of Mexico (II-UNAM). The previous work consisted of a low-voltage test network of 220 V, in which a graphical application was developed to monitor the test network in real time using phasor monitoring systems [26,27]. The test network and monitoring system are adapted and updated for the simulation of the network’s impedance.



Figure 1 shows the flowchart step by step. This paper’s contributions are the real-time impedance calculation shown in the flowchart, the visualization of this information in real time, and its storage for off-line studies.



The application was programmed in LabVIEW to calculate the impedance of the line in real time and the oscillography of voltage and current phasors for each phase, considering Ohm’s law in AC. The impedance value is obtained in the form of the relation between voltage and current as follows:


  Z =   V ¯   Y ¯    



(1)







The calculation of impedance occurs in the form of a phasor. To calculate the impedance value, it was necessary to implement a graphical code to obtain the phases’ impedance, as shown in Figure 2 for phase A. This procedure was carried out for each phase of the network.



It is important to remark that the validation of the test system’s measurements was accomplished through its modeling and simulation in the PSCAD software.



The test network was subjected to various scenarios, consisting of varying a load of its phases at different temperatures and obtaining voltage and current measurements through phasor measurement units. The next step was implementing a system that allows devices to experience temperature changes to apply the climatic variations to which they are exposed in real life. Subsequently, the corresponding tests were carried out at different temperatures to understand the impedance behavior for each phase when the conductor starts to warm up to obtain the relationship between the impedance and the temperature in the distribution lines.




3. Test Network


A wide-area measurement system (WAMS) was implemented for real-time monitoring of a low-voltage test network. For data measurement, the test network had two PMUs, from Schweitzer Engineering Laboratories, Inc. 2350 NE Hopkins Court Pullman, WA USA an SEL-351A at the network input and an SEL-487E at the output, to transmit information to a phasor data concentrator (PDC) named PDC UD-UNAM. Afterward, the data were stored in a database in Microsoft Access and transmitted in a local network under the TCP/IP protocol. The PDC was developed using graphical programming based on LabVIEW, in which a graphical interface was recreated for the user and operator through screens in the workstations. Figure 3 presents the scheme of the implemented test network and the main blocks; it is important to mention that the SEL-2410 is a satellite synchronization clock installed outdoors.



An experiment to demonstrate the electrical effects of a line exposed to temperature variations was designed to have a parameterized model of the electrical lines, which updates the line impedance data in real time to establish a profile of the impedance–temperature relationship of the electrical cables of the test system. The single-line diagram of the modified test network for applying heat to the test network is shown in Figure 4.



3.1. Temperature Control and Monitoring Process


The conductors were encapsulated in a thermal box to control the heating process, which was controlled with a pyrometer and an air blower. A digital thermometer monitored the temperature. The control process steps applied for temperature variation and measurement were as follows, and the circuit implemented can be seen in Figure 5:




	
The conductors were encapsulated in a thermal box, as shown in Figure 3.



	
The temperature was set to the desired value using a REX C-100 (Tokyo, Japan) pyrometer.



	
The resistance of 10 Ω varied according to the temperature programmed in the pyrometer; thus, the box’s interior containing the conductors was heated.



	
The solid-state relay (SSR) worked as a temperature regulator. It is a semiconductor equivalent to the electromechanical relay that can be employed to control electrical loads without moving parts.



	
The temperature sensor was inside the box, next to the conductors, to measure the temperature of the line conductors that were exposed.








The main screen of the PDC can be observed in Figure 6, from which the user has access to other tabs, such as instantaneous voltage; instantaneous current; impedance; frequency; frequency derivative; voltage and current phasors; sequences of voltages and currents; and active, reactive, and apparent power.




3.2. Test Network: Modeling and Simulation in Commercial Software


The traditional way of designing and operating a distribution system is through its modeling and simulation in commercial or proprietary software; this allows software designers to establish the system’s operating parameters using a mathematical model of lines.



The test network described above and implemented in this study was modeled and simulated in commercial software. The software employed for validation and comparison was PSCAD, where the modeling of a three-phase system, type resistive/inductive (RL), is considered, as described in Figure 7. The value of capacitance was ignored because it is a short line. The measured phase voltages that feed the test network were 125.8, 124.4, and 125.2 V for phases A, B, and C, respectively. The resistors’ parameters and the inductances of the test network were measured at each phase of the system, employing a True-RMS Multimeter FLUKE 175 multimeter; the values obtained are presented in Table 1.



The model was designed with independent power sources for each phase. Each phase of the system line had two multimeters connected in series, allowing us to know the value of instantaneous voltages and currents at the line’s input and output. The two switches at the ends of the lines simulated the three-phase logic behavior’s operation: 0 = ON for closed and 1 = OFF for open.



To simulate the network in PSCAD, initially, all the values of voltages and currents needed to be increased. Then, thanks to the fast Fourier transform (FFT), we obtained the magnitudes and phases of our input variables, and from them, we computed the sequence components.


         V a         V b         V c        =  1 3       1   1   1     1    1 ∠ 120 °     1 ∠ 120 °      1    1 ∠ 120 °     1 ∠ 120 °              V 0         V +         V −         



(2)







In PSCAD, we can choose the FFT configuration. For our simulation, we used a three-phase system, with a base frequency of 60 Hz, a reference cosine signal, and RMS values in the magnitude of the output signal. Finally, the phase of the wave was given in degrees. The loads connected to the phases were composed of incandescent lamps, were independent of each other, and were modeled in a resistive manner. Given that the power and voltage values are known, the resistance of each lamp was calculated as follows:


  R =    V 2   P   



(3)







Table 2 contains the values of power, voltage, and resistance at each phase.



The impedance results obtained from the simulation in PSCAD are visible in Figure 8. It is evident how impedance remains constant at the programmed value during the time of the simulation, regardless of voltage variations or load. The impedances in PSCAD gave us constant values in the three phases, namely    Z a  = 1.6906   Ω  ,    Z b  = 1.5998   Ω  , and    Z c  = 1.7374   Ω  .





4. Cases of Study


The different cases to which the test network was subjected involved modifying the load at each phase of the line and temperature. Several combinations were assessed. However, in the scope of this work, only the following cases are presented:




	
Impedance behavior with a balanced load at a constant temperature;



	
Impedance behavior with a balanced load at two different temperatures;



	
Impedance behavior with a balanced load at a gradually increasing temperature;



	
Impedance behavior with an unbalanced load at a gradually increasing temperature.








The test system allowed the visualization of the voltage and current synchrophasor in the measurement points and all the parameters specified in the screens above. However, only the corresponding tabs focused on obtaining the line’s phase impedance values. The measurements of voltage and current in sequence were presented in real time.



The impedance values obtained in the line phases, in each case presented, were validated through modeling and simulation of the test system in the PSCAD software. The analysis results allowed us to validate our test system in LabVIEW and establish the differences between a mathematical model and a parameterized model when studying a power line.



4.1. Impedance Behavior with a Balanced Load at a Constant Temperature


In this case, the aim was to detect an overhead line’s actual behavior profile at room temperature. The load installed in the phases was balanced and compounded by incandescent bulbs of 72 W; the test was carried out at a constant temperature of 25 °C for 15 min. The results obtained from the test in the network are shown in the developed PDC system’s secondary windows presented in Figure 9, where the balanced charges can be observed.



The impedances of the conductors are very alike, with oscillations between 0.39 and 2.53 Ω. The currents in the phases overlapped with each other because the connected load was balanced. In contrast, the phase voltages measured from the test network differed when compared between them; this is more noticeable in phase b at the sending and receiving nodes, which is a consequence of the imbalance given in the network’s power supply.



To compare the results of a parametric model, such as the ones gathered using the developed PDC system, and a typical mathematical model used in commercial software, both results have been plotted in Figure 10, where the impedance fluctuation can be noted. Furthermore, Table 3 shows the maximum and minimum impedances retrieved by the PDC.




4.2. Impedance Behavior with a Balanced Load at Two Different Temperatures


In this case, the test network was subjected to two different constant temperatures of 25 and 45 °C, with a balanced load of 72 W; the devices were kept at the aforementioned temperatures for 10 min in both cases to compare the two impedance profiles.



As shown in Figure 11, the increase in impedance was evident as the temperature grew; a significant distortion in the impedance was detected when the cables were exposed to an increase in temperature.




4.3. Impedance Behavior with a Balanced Load at a Gradually Increasing Temperature


In this case, the load installed at each phase was balanced by incandescent bulbs of 72 W. The test consisted of increasing the temperature from 25 to 52 °C, emulating the temperature changes of tropical zones and reaching an extreme temperature. The temperature increments were made in 3 °C steps, with a ±2 °C variation between each of the measurements taken in 10 min intervals. The collected impedance profile is seen in Figure 12.



The impedance in phases a and c presented practically the same behaviors, with a maximum impedance value of 2.49 Ω, whereas phase b presented a maximum impedance value of 2.37 Ω. As mentioned above, in this case, the loads were balanced to expect similar behavior in the impedance of the line’s phases, but the imbalance of the phases’ power supply was visible in phase b.




4.4. Impedance Behavior with an Unbalanced Load at a Gradually Increasing Temperature


To obtain a temperature impedance profile from a line closer to reality, a case study was conducted with an unbalanced system. The charges were as follows: Phase a: an incandescent bulb of 72 W and 110 W; Phase b: a 100 W incandescent bulb; Phase c: a 75 W incandescent bulb. Figure 13 shows the impedance–temperature profile obtained.



The results in Figure 13 demonstrate the apparent distortion and increase in the impedance of the cables when subjected to a rise in temperature; the impedance in each phase had different behavior from that of each other phase, a consequence of the imbalance of the loads.





5. Discussion


In all results obtained from the proposed system, the fluctuating behavior of the impedance is very noticeable, and temperature plays a vital role in it.



The difference between the mathematical models used in commercial software and the parametric line model in almost real time proposed in this article lies in the fact that the parametric line models are real approximations in the proposed approach. These model approximations are based on actual data obtained from the system, including its specific temperature exposition, giving the flexibility to be adapted to any network, as seen in Figure 8 and Figure 10.



From the first case, it is remarkable how the PSCAD simulation indicates that the impedance values are constant on the basis of its mathematical model, unlike the PDC which shows the variation of the impedance in real time, as expected; it is observed that the three lines have similar behavior when the load is balanced.



Analyzing Figure 11 and comparing the line impedance at 25 and 45 °C, it is noticeable that the impedance–temperature relationship is not linear, which gives more importance to this study. Comparing this result with the ones shown in Figure 12 shows how the impedance distortion and the cable impedance value grow as temperature increases. Furthermore, the impedance–temperature relationship in unbalanced networks allows managing overhead lines’ capability in a more precise manner.




6. Conclusions


Nowadays, the electricity industry has adopted renewable resources as new sources of energy by incorporating new systems. The proposed system in this paper proved to be a useful tool for monitoring line impedance in real time.



Obtaining parameters that affect impedance in real time will require parametric models of the lines used in conventional studies, including power flow and state estimation. In this sense, we conclude that this computational tool is an efficient way to monitor phase impedance, which could help us to achieve the following objectives:




	
Understanding the lines’ behavior;



	
Knowing the type of compensation required for proper functioning of the line;



	
Planning more accurate studies that include renewable generation;



	
Controlling load levels;



	
Obtaining a parametric model of the line.








It is important to note that the analysis of the impedance–temperature relationship demonstrates that the temperature negatively influences the impedance. Replicating a system of this type can be used to establish impedance–temperature profiles for critical lines in networks or to adjust distribution models and transmission lines and thus predict their behavior when the conductors are subjected to different temperature levels. Such a system can also be used to extend the life of the devices, which is affected by variations in impedance.



With the values obtained from the proposed system, the following types of studies can be carried out:




	
Off-line;



	
On-line;



	
Postmortem.








This type of visualization tool can improve the diagnostic and updating capabilities of network analysis software and support models that are more precise in general distribution networks, allowing better model validation, detection and location of events, and characterization of resources and renewable charges, among other applications.



With this type of study, we can create portfolios of impedance–temperature profiles that allow us to conduct studies on electrical lines using accurate simulations for planning and line design.



The impedance–temperature relationship can be integrated into simulations concerning distribution networks. The results obtained would be approximate to reality when the overhead lines are exposed to temperature changes, something that simulation programs neglect in their analysis.



Finally, but no less important to mention, is that the developed tool can be used in real-time analysis, such as hosting capacity, parameter identification, situational awareness, state estimation, and the modeling of elements in electrical networks.
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Figure 1. Flowchart of the graphical application. 
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Figure 2. Calculation of the impedance of phase A. 
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Figure 3. Installation of the test network. 
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Figure 4. Installation of the test network. 
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Figure 5. Schematic circuit of the temperature meter. 
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Figure 6. Main screen of the real-time monitoring system. 
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Figure 7. Model of the network. 
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Figure 8. Impedance graph from PSCAD. 
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Figure 9. Real-time screen of phasor data concentrator (PDC) UD-UNAM. 
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Figure 10. Comparison of PSCAD vs PDC for impedance in phase a, b and c. 
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Figure 11. Impedance in phase a, b and c profiles for temperatures 25 and 45 °C. 
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Figure 12. Impedance in phase a, b and c profiles when increasing the temperature from 25 to 52 °C. 
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Figure 13. Impedance profiles when increasing the temperature from 25 to 52 °C in an unbalanced system. 
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Table 1. Parameters of the test network.
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	Phase
	Resistance, Ω
	Inductance, H
	Capacitance, µF





	a
	0.419
	4.173
	6.052



	b
	0.431
	3.900
	6.476



	c
	0.543
	4.199
	6.062
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Table 2. Power, voltage, and resistance values of the installed load in the test network.






Table 2. Power, voltage, and resistance values of the installed load in the test network.





	Phase
	Power, W
	Voltage, V
	Resistance, Ω





	a
	72
	125.8
	219.80



	b
	72
	124.4
	214.93



	c
	72
	125.2
	217.70
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Table 3. Impedance values of the PDC.






Table 3. Impedance values of the PDC.










	
	Minimum, Ω
	Maximum, Ω





	    Z a    
	0.3954
	2.539



	    Z b    
	0.2888
	2.525



	    Z c    
	0.2523
	2.404
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