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This paper studies the tolerance of electromagnetic relay (EMR) under voltage sag and short interruptions on the basis of response mechanism analysis and the extensive tests. First, it introduces the structure of EMR and proposes response mechanism of EMR under voltage sag. Then, a detailed test plan is presented, including the information of test platform, testing condition, EMRs used in test, list of test, test procedure, and the measured waveforms. Magnitude and duration of the sags are not only the characteristics to be considered to investigate EMR’s tolerance. The other factors, which may have significance influence on tolerance of EMR, are considered here, including point-on-wave (POW), phase angle jump (PAJ), harmonic, magnitude variation in pre- and post-sag segments, two-stage sag, and slow recovery sag. Extensive tests results are presented in the form of voltage-tolerance curves (VTCs). Besides magnitude and duration, POW, PAJ, and two-stage sag have a significant influence on the tolerance of EMR. Other factors only have a tiny impact on the tolerance of EMR. The results show that the magnitude tolerance of EMR is 48–74% of Unom, and duration tolerance is 5–28 ms; they are useful for the technical assessment of EMR’s tolerance to voltage sags and short interruptions, and for the economic assessment of the industry process trip due to its disengagement. Test results also benefit for choosing proper EMR and mitigation device in the complicated operating environment.
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1 INTRODUCTION
Electromagnetic relay (EMR) is widely applied in industrial control system and communication as a kind of basic electric component, also playing a role in switching circuits, transferring signals, and eliminating interference. However, when a short-circuit fault occurs in the power system, it causes power quality issues, such as voltage sag and short interruption (Nagata et al., 2018; Wang et al., 2019; Ye et al., 2019), which affect the normal operation of EMR. Voltage sag even causes the malfunction and damage of EMR in severe cases (Wu and Fan, 2015; Jianbo and Qi, 2018), then leading to the failure of the whole industrial process and resulting in the huge economic losses (Mohammadi et al., 2017; De Santis et al., 2018; Gambôa et al., 2019). For example, (Bollen, 2000) records that the tripping of EMR under one voltage sag event “cause the shutdown of a large chemical plant, leading to perhaps $100,000 in lost production.” However, the tolerance of EMR under voltage sag presented in Bollen (2000) is from IEEE Std. 1346 (IEEE, 1998) which published the sensitivity of EMR 20 years ago. The data in IEEE Std. 1346 may be not suited for the industry today, because of the improvement of the technique of EMR and the updating industry processes. It is important to understand the tolerance of EMR under voltage sag nowadays to provide the voltage sag mitigation scheme and the EMR purchase plan for the industry users.
EMR is known as the sensitive equipment under voltage sag because of industrial users’ complain (IEEE, 1998; Bollen, 2000; Zhai and Yang, 2008). IEEE Std. 1346 (IEEE, 1998) pays close attention to it and present that tolerance of EMR is 60–75% of rated voltage of magnitude, and is 10–30 ms of duration; however, this standard states that the presented tolerance “should not be considered typical for these types of devices but only a samples of what is available.” It is difficult to provide the detailed guide for the users. The simulation was done to investigate the dynamic characteristics of EMR interfered by voltage sags and short interruptions to offer the qualitative understanding of the sensitivity of EMR (Zhai and Yang, 2008). It is a necessary way to get the tolerance information of sensitive equipment than conducting the extensive tests on equipment. The tolerance of other sensitive equipment is also obtained through test, for example, the tests on adjustable speed drive (ASD) (Xu et al., 2019a), programmable logic controller (PLC) (Xu et al., 2019b), AC coil contactor (ACC) (Djokic et al., 2004; Hardi et al., 2010; Weldemariam et al., 2016), and so on (Ouyang et al., 2015; Ouyang and Liu, 2017).
The different single-event characteristics of voltage sag is considered in the test. Magnitude and duration are the essential characteristics which should be included in the test. Furthermore, other characteristics should be included, such as point-on-wave (Alvaro et al., 2019; Wang et al., 2020) and phase angle jump (PAJ) (Wang et al., 2015). The former is also called phase angle, and the latter is called phase shift in IEC 61000-4-30 (IEC, 2021). POW is the phase angle of the fundamental voltage waveform at which the voltage sag occurs; PAJ is the change of phase angle during the voltage sag (Djoki et al., 2007; Wang et al., 2015; IEEE, 2017; Alvaro et al., 2019; Wang et al., 2020; Ren et al., 2021). There are two views about considering the other characteristics. For one thing, IEEE Std. 1346 recommends that “phase shift and point of initiation not be considered,” since these “characteristics are not typically available in the sag environment data.” However, for the improvement of the voltage sag generator and the monitor technical, the problem of “sag environment data” has not been the barrier of the testing. Another opinion is that POW and PAJ have significant impacts on electromagnetic equipment (Djoki et al., 2007; Wang et al., 2015; Alvaro et al., 2019; Wang et al., 2020; Ren et al., 2021); similar thinking is also recommended in the standards. IEC 61000-4-30 (IEC, 2021) states that for some equipment “drop-outs, the phase angle at which a voltage dip begins is an important characteristic”; IEEE Std. 1668-2017 (IEEE, 2017), which is the newest standard related to testing on the sensitive equipment under voltage sag, suggests that “…characteristics such as phase-shift, point-on-wave of initiation, and recovery of the instantaneous voltage waveform during the sag may have an effect on equipment performance as well.” Thus, the various single-event characteristics of voltage sag are included in this paper to test the sensitivity of EMR.
This paper proposes a general test procedure and has done extensive tests to investigate the tolerance of EMR to get the quantitative results and support the voltage sag mitigation for EMR. The rest of this paper is organized as follows. Section 2 describes the structure and response mechanism of EMR. Detailed test plan is elaborated in Section 3, including test principle, test procedure, equipment under test (EUT), and voltage sag generator. Test results are presented in the form of voltage tolerance curves in Section 4. Section 5 discusses the potential application, and Section 6 makes a conclusion of the test results.
2 STRUCTURE AND RESPONSE MECHANISM
2.1 Structure of Electromagnetic Relay
The structure sketch of EMR is shown in Figure 1 (Fan and Wu, 2014). It is mainly composed by an iron core, AC coils, an armature, return springs, and contact system, similar to the structure of ACC. Contact system contains three types of contacts: a normally open contact (NO), a normally closed contact (NC), and a common contact (CO); their positions are also shown in Figure 1.
[image: Figure 1]FIGURE 1 | The structure of EMR.
When a certain voltage is supplied to the coil, an electromagnetic force (Fmag) is generated. Then, the armature is attracted toward to iron core as Fmag is greater than the force of spring (Fs). Then, the circuit is turned on. On the other hand, when the coil is de-energized, Fmag disappears but the Fs still exists. Then, armature returns to its original position, causing the circuit turned off. The whole working process is shown in Figure 2. Once a voltage sag occurs in the process, it causes EMR to work unnormal.
[image: Figure 2]FIGURE 2 | Working principle of EMR. (A) EMR is not energized. (B) EMR is energized. (C) EMR is de-energized.
EMR and ACC are both basic electromagnetic equipment in the control systems, and their structures are similar. However, EMR is generally used for the control loop, whose operating current is small, only a few Amps; ACC is often used for main circuit control, commonly being used to control the start and stop of the motor, etc., and its rated current is greater, even up to several thousand Amps, so an arc extinguishing device is needed for ACC. The behaviors of EMR and ACC under voltage sag are different due to the arc extinguishing device, coil turn number, and so on. The research results on behavior of ACC under voltage sag cannot be used as the result of study on EMR, and the knowledge of behavior of EMR under voltage sag is limited.
2.2 Response Mechanism of Electromagnetic Relay to Voltage Sag
When the sinusoidal AC power is supplied, the main flux of the ac coil changes sinusoidally with time:
[image: image]
The Fmag can be calculated by Maxwell’s electromagnetic force formula:
[image: image]
where S is magnetic attraction area at air gap, [image: image] is vacuum permeability.
Thus, according to Eqs 1, 2, Fmag can be written as
[image: image]
Therefore, the Fmag is proportional to the square of the main flux. The Fmag changes versus time at twice voltage frequency.
Figure 3 shows the waveform of Fmag in blue and Fs in red during a voltage sag. In this case, the operation of EMR is influenced by the sag. Before sag starts, Fmag is greater than Fs, and EMR operates normally. When a sag occurs at time t1, Fmag is gradually reduced; however, Fmag is still greater than Fs until time t2, and EMR operates normally from t1 to t2. Fmag is less than Fs from t2, and EMR is disengaged from t2 to t3. The sag ends at t3, and EMR recovers to operate normally.
[image: Figure 3]FIGURE 3 | The curves of the electromagnetic Force (Fmag) and the force of spring (Fs).
It indicates that when the sag duration is too long, causing Fmag less than Fs, EMR trips (Wu and Fan, 2015). Of course, when voltage sag magnitude is above a certain level, Fmag keeps higher than Fs no matter how long the sag lasts, and the EMR can work steadily (Zhai and Yang, 2008). In other words, to ensure that the EMR works normally when powered, Fmag should be greater than Fs. Thus, it is necessary to know and quantify the EMR’s tolerance to voltage sag.
Moreover, different POW and PAJ influence EMR’s main flux, thereby affecting the change of Fmag. It means that POW and PAJ may influence EMR’s tolerance, so this paper considers these characteristics in the test. According to Eq. 3, Fmag is related to voltage frequency, so harmonic and frequency fluctuation are also in consideration. In Section 3, a detailed schedule is presented to investigate the EMR’s tolerance to various conditions.
3 TEST PLAN
3.1 Test Platform
Based on EMR’s structure and its response mechanism, the test circuit is connected as shown in Figure 4. The test platform consisted of the console, voltage sag generator (programmable power supply MX45), the data acquisition device (DEWE-510), EUT, DC supply source, and the lamp load.
[image: Figure 4]FIGURE 4 | Test circuit. (A) The connection of the test for EMR. (B) Test platform (1. console, 2. programmable power supply (MX45), 3. data acquisition device DEWE-510 and its Display, 4. EMR, 5. DC supply source, 6. lamp load).
Programmable power supply MX45 (AMETEK, 2017), whose brand is AMETAK, is used as the sag generator here. The voltage output range is 0∼400 V, and the maximum output power is 45 kVA; single and three phase mode are available. It meets the voltage sag generator requirements in IEEE 1668-2017 (IEEE, 2017), and MX45 can generate any voltage sag waveform designed by setting. In the test, the voltage waveform from MX45 is measured by the acquisition device. The measured single-event characteristics of the generated voltage sag are consistent with the setting value on the voltage sag generator.
The EUT is EMR, which is energized from one of the phases of MX45 (phase-A), since it is single-phase equipment. Thus, the test platform is a single-phase system.
3.2 Testing Condition and Equipment Under Test
The sensitivity is determined by two major factors: the design of the equipment and the physical characteristics of the voltage sag (IEEE, 2017). It suggests that different brands of the same equipment, and even different models of the same brand, often have different sensitivity to voltage sag. Eight EMRs from seven different manufactures are selected as EUT in the tests, in order to ensure a high degree of reliability and quantify the tolerance to voltage sag in the general way. The list of EUT is given in Table 1, with the information of EMR’s nominal voltage (Unom) and nominal current (Inom).
TABLE 1 | The main parameters of EUT.
[image: Table 1]EMRs are connected with a load circuit as a switch. A resistive lamp is used as the load here, supplied by a DC supply source (24 V). In all tests, EMR is supplied by MX45, 100% of Unom is supplied to EMR during the pre-and post-sag segments, and a voltage sag is supplied to EMR during the sag segment. DEWE-510 was used to monitor the voltage on the lamp load. When a voltage sag causes EMR tripping, the voltage is about 0 V. The voltage indicates the behavior of EMR under voltage sag.
3.3 List of Test
The effect by rectangular and non-rectangular voltage sags is investigated.
EMRs are first tested against simple rectangular voltage sags, which are with different POW or PAJ, supplied from an ideal voltage source.
Then, another complicated voltage wave-forms, supplied from a non-ideal voltage source, is tested. These voltage sags include sags with a frequency variation up to ±2%, sags with a harmonic content (THD up to 12%), and sags with the magnitude variation up to ±10% in pre- and post-sag segments.
Lastly, the influence of various two-stage voltage sags, as well as the slow recovery sags, is investigated. Table 2 summarizes the influence factor of this test.
TABLE 2 | Factors considered in the tests.
[image: Table 2]3.4 Test Procedure
In order to get the accurate test results, the test is done according to the test procedure. The following procedure is used in tests with rectangular voltage sags, and it is presented as the general test procedure for the sensitive equipment under voltage sag.
3.4.1 Set the Influence Factors and the Ranges of Them for the Test
There are three main factors for EMR, including magnitude, duration, and POW; the non-main factors are PAJ, frequency variation, harmonic distortion, and magnitude variation. It is planned that the maximum and minimum magnitudes of voltage sag for testing are 90 and 0%; the two values are decided according to the definition of voltage sag. The maximum and minimum durations for testing are 2 and 0 ms, respectively; the tolerance of duration of all EUT in the current research is less than 2 s; thus, 2 s is as the maximum duration. The test step sizes are 2% and 2 ms for magnitude and duration, respectively. The step sizes for other influence factors are in Table 2.
The main and non-main factors for the different EUT can be different; it depends on the response characteristics of the different EUT under voltage sag. The factors in Table 2 are suitable for most single-phase equipment; however, the type of voltage sag, which is not mentioned in Table 2, should be the important factor in the test for three-phase equipment.
3.4.2 Generate Voltage Sag and Test
The generated voltage sag is with the different single-event characteristics, as shown in Figure 5; the three main factors keep constant when changing the non-main factor. Take PAJ setting as example, when setting magnitude = 50%, duration = 100 ms, POW = 45°, the step is to set PAJ equals 0°, 30°, 60°, 90° in order, and record the test result. Then, change POW to 63° (magnitude and duration remain unchanged), and then test the EUT under the voltage sag with PAJ equals 0°, 30°, 60°, 90°, respectively. After finishing the test with considering the effect by PAJ, then do the tests considering the effect by the other non-main factors. Considering all the factors in four loops in Figure 5, test the behavior of the EUT under the voltage sag with the different factors.
[image: Figure 5]FIGURE 5 | The steps of the test.
3.4.3 Tripping Criterion
The voltage sag generator generates voltage sag to supply EUT, and the states of EUT and the lamp load are recorded as the tripping criterion for EUT. The tripping criterion can be different for different EUT, for example, the dc voltage, current, or rotor speed can be options for tripping criterion of ASD. VTC can be drawn after all the tests were done.
The detailed test procedure may be different for the different EUT. The non-main factors are not necessary for all the EUT. It depends on the different structure and working condition.
3.5 The Measured Waveforms
The measured time-varying waveforms are shown in Figure 6 as an example. The top panels of Figures 6A,B are the generated voltage sag waveforms; the bottoms are the voltage of the tested lamp. There is a voltage sag generated by MX45; the single-event characteristics of it are 20% of Unom magnitude, 20 ms duration, 30° POW, and 30° PAJ; the voltage versus time is shown in the top of Figure 6A. The supplied voltage of lamp is recorded by the oscilloscope, which is about 24 V, shown in the bottom panel in Figure 6A; the lamp keeps working normally. EMR can tolerate this voltage sag. However, when the duration extends to 60 ms (shown in the top panel in Figure 6B), the other single-event characteristics of the voltage sag in Figure 6B are the same as the voltage sag in Figure 6A; the EMR fails in Figure 6B. EMR can tolerate about 20–25 ms, and then it fails; the load cannot keep working since the supply voltage of the load decrease to 0 V.
[image: Figure 6]FIGURE 6 | The measured time-varying wave-forms. (A) EMR don’t trip, (B) EMR trip.
The two examples in Figure 6 are the typical waveforms of the tests. The extensive tests show that the longer the duration or the lower magnitude of voltage sag, the greater probability of EMR tripping. The detailed results of the test are shown in Section 4.
4 TEST RESULTS
4.1 Testing of Electromagnetic Relay to Rectangular Voltage Sags
4.1.1 Quarter-Cycle Symmetry Respect to Point-on-Wave
The results of test are presented graphically by VTCs. The detailed test results for R1 are shown in Figure 7. VTCs of 0° POW, 180° POW, and 360° POW are quite close. VTCs of 90° POW and 270° POW are nearly the same. Furthermore, though there is a slight difference in VTCs of 45°, 135°, 225°, and 315° POW, they are almost coincident of the shape. It describes EMR’s quarter-cycle symmetry. Thus, the sensitivity of EMRs is illustrated only for POW between 0° and 90° (0° POW, 27° POW, 45° POW, 63° POW, 90° POW are tested in this paper).
[image: Figure 7]FIGURE 7 | Illustration of quarter-cycle symmetry (R1, 0° PAJ).
4.1.2 Sensitivity to Point-on-Wave
The sensitivity of EMR to POW is tested and shown in Figure 8. POW has a greater influence on the sensitivity of EMR.
[image: Figure 8]FIGURE 8 | Test results considering the different POW (0° PAJ). (A) Results for R1. (B) Results for R2. (C) Results for R7.
It is obvious that the less POW, the stronger voltage sag tolerance of EMR, when the voltage sag is deep drop. Take R1 as example, when a short interruption occurs, the tolerance durations are 22 ms for 0° POW, 20 ms for 27° POW, 19 ms for 45° POW, 16 ms for 63° POW, and 3 ms for 90° POW, respectively. However, the greater POW, the stronger tolerance of EMR under voltage sag, when the voltage sag is shallow. R1 can tolerate 10 ms when 90° POW, but 5 ms when 0° POW, when the magnitude is 40%.
VTCs of 0° and 90° POW for all tested EMRs are shown in Figure 8. Overall, the shape of VTCs for the eight EMRs are similar; however, VTCs of different EMRs are with different “knee” parameter, due to the different type and different manufacturer. For example, R1 and R2 are two devices with the similar parameter (not the same model) from the same manufacturer; the results in Figure 8 show that the VTCs of the two devices are different.
The sensitivity of the “flat” part for different POW is illustrated in Figure 9; “voltage threshold” means the maximum magnitude can be tolerated of a certain POW. In Figure 9, the larger POW, the smaller voltage threshold. Moreover, the variation of this threshold is between 2 and 10% of Unom depending on the type of the EMR. For example, R5 will trip when the voltage drops below 54–62% of Unom, depending on the POW, for voltage sags lasting more than 30 ms. This represents that the upper and lower limits of voltage magnitude threshold for the EMRs are tested.
[image: Figure 9]FIGURE 9 | Voltage threshold of different VTCs under different POW (0° PAJ).
4.1.3 Sensitivity to Phase Angle Jump
The test results of PAJ are showed in Figure 10. The tests of different PAJ are divided into two groups: one for 0° POW and another for 90° POW. The test of each group considers four PAJs, including 0° PAJ, 30° PAJ, 60° PAJ, and 90° PAJ.
[image: Figure 10]FIGURE 10 | Test results considering the different PAJ (0° POW and 90° POW). (A) Results for R2. (B) Results for R5. (C) Results for R8.
From Figure 10, the tolerance of the complicated part (t < 30 ms) of VTCs is clear. When voltage sag is starting at 0° POW, the larger PAJ, the stronger EMR’s tolerance. For example, the duration is 24 ms of 90° PAJ when the voltage magnitude is 50% of Unom, while the duration is only 8 ms of 0° PAJ under the same condition. Instead, the larger PAJ, the weaker EMR’s tolerance when the sag is starting at 90° POW.
For the two groups VTCs, the less PAJ, the stronger tolerance to the sags with shorter duration, which is with the obvious trend in the “vertical” part (t < 15–30 ms). In the “flat” part (t > 15–30 ms) of the VTCs, the less PAJ is also with the stronger tolerance; however, the trend is not as obvious as in the “vertical” part. Generally, PAJ effects on the tolerance of EMR, when a PAJ occurs, the tolerance of EMR is weaker.
4.1.4 Sensitivity to Frequency Variation
Test the tolerance of EMR to the sags with a frequency variation up to ±2%. The sags at 49, 50, and 51 Hz are considered. Frequency variation of ±2% of nominal frequency does not influence the sensitivity of the tested EMRs, since the VTCs at the three frequencies are almost coincident in Figure 11A.
[image: Figure 11]FIGURE 11 | Test results for R1 (0° PAJ). (A) Considering the frequency fluctuation. (B) Considering the harmonic distortion. (C) Considering the magnitude variation in pre- and post-sag segment.
4.1.5 Sensitivity to Harmonic Distortion
Test the tolerance of EMR to the sags with a harmonic content (THD up to 12%). It demonstrates that harmonic distortions of up to 12% of THD have only a slight influence on both EMR’ sensitivity and the shape of VTCs, shown in Figure 11B. Test results show that the tolerance of EMR is slightly higher when the supply voltage contains harmonics.
4.1.6 Sensitivity to the Magnitude Variation in Pre- and Post-Sag Segments
The tolerance test results to the sags with variation in pre- and post-sag voltage magnitude (up to ±10%) is in Figure 11C. It demonstrates that when the pre- and post-sag magnitude is 110% of Unom (242 V), EMR’s tolerance increases slightly. It can conclude that the slightly higher of the magnitude in pre- and post-sag segments, the stronger tolerance of EMR.
4.1.7 General Voltage-Tolerance Curves
Based on the test results obtained, the general VTC of all the tested EMR is shown in Figure 12. EMR can tolerate a voltage sag with the magnitude more than 74% of Unom. When the sag magnitude is less than 48% of Unom, EMR will trip when the sag duration exceeds 28 ms.
[image: Figure 12]FIGURE 12 | Generic VTCs for EMR.
4.2 Testing of Electromagnetic Relay With Non-Rectangular Voltage Sags
4.2.1 Sensitivity to the Two-Stage Voltage Sags
In order to ensure the accuracy of the test results, the total duration of the two stages (Figure 13) must be less than the maximum tolerance duration (0% of Unom) for a certain EUT. For example, the maximum tolerance duration of R4 is 24 ms when 0% of Unom, 10% of Unom, or 30% of Unom; total duration of the two stage sags in this test for R4 should be less than 24 ms. All the tests to two-stage voltage sags are under the same conditions, both with the same total duration (20 ms), 0° POW and 0° PAJ.
[image: Figure 13]FIGURE 13 | An example of the two-stage voltage sag.
The results of three groups tests are listed in Table 3. The tests of No. 1 group are to prove the tolerance of R4. R4 is exposed to a short interruption (0% of Unom), a voltage sag (10% of Unom), and a voltage sag (30% of Unom); it remains engaged. It means R4 can operate normally to a sag or short interruption when the duration is less than 24 ms.
TABLE 3 | Test conditions and results to two-stage voltage sags for R4.
[image: Table 3]The tests of No. 2 group show that EMR is sensitive to the two-stage voltage sag. R4 is exposed to a combined two-stage voltage sag, different in respective sag duration, while both the states of R4 are disengaged. The sag in No. 1 is worse than the sag in No. 2; “two-stage” makes R4 disengaged.
The tests of No. 3 group show that EMR is sensitive to the order of the two-stage. R4 is exposed to two different sequential two-stage voltage sags. It works normally to the sag with first stage of 0% and second stage of 30%, and is disengaged to the sag with first stage of 30% and second stage of 0%.
4.2.2 Sensitivity to the Slow Recovery Voltage Sag
The slow recovery voltage sag is due to the starting of large motors or transformer energizing. In the tests, the voltage sag is set as recovering progressively to the nominal voltage. Five voltage recovery gradient and two different POW are considered here.
Table 4 shows the duration of sag, which causes the disengagement of R4. From the test results, it can conclude that the disengagement time is increasing with the increasing recovery gradient, for the shallower initial drop, while the opposite results would obtain for a deeper initial drop. Overall, difference of disengaged time is small of different recovery gradient if initial drop is a constant.
TABLE 4 | Duration (ms) of the slow recovery voltage sag to disengage for R4 as a function of initial voltage drop and the voltage recovery gradient.
[image: Table 4]5 COMPARISON
This study proposes a general test procedure to improve the test effective and the accuracy. The comparisons of the effectiveness and the accuracy between the proposed test procedure and the test method proposed by IEEE standard (IEEE, 2017) are listed in Table 5.
TABLE 5 | Comparisons between the proposed method and the IEEE method.
[image: Table 5]The results in Table 5 are the test results for R2, when 0° POW and 0° PAJ. The “real” critical points of the tolerance under the voltage sags with the different residual voltage are testing results by the traditional method, which is called “step by step” method. The step size is 1 ms; the small step size ensures the testing accuracy but with the heavy testing work. The real tolerances are 19, 19, 19, 6, 5, 6, and 14 ms when magnitudes are 0, 10, 20, 30, 40, 50, and 60%, respectively. However, the traditional method costs the extensive work, for example, it has to do 1,000 tests, when the critical point is 1,000 ms for a certain residual voltage.
IEEE test method (IEEE, 2017) is the fixed step test method. For example, the first step to the seventh step is testing the tolerance of EUT when duration is 0, 10, 20, 50, 100, 200, and 500 ms, respectively. The greater test step sizes result in the greater test errors. The example in Table 5 is not with the great errors, because of the critical points are less than 20 ms, the step size in this range is small by IEEE method. The worse situation is that when the critical point is 300 or 400 ms, the test result should be 500 ms, leading the larger error.
The proposed method can decide the next test point automatically according to the test results of the two previous test points, can quickly approach the critical point. The errors of the testing results for R2 are less than 1 ms compared with the real tolerances. The test work is 8 times for a certain residual voltage, which is quite less than the test work by “step by step” method, whose testing works are 19, 19, 19, 6, 5, 6, and 14 times for the different residual voltage for R2. The proposed method is with the high efficiency and test accuracy.
6 APPLICATION OF THE TEST RESULTS
First, through numerous tests, it finds that POW and PAJ are the major affected factors, as well the two-stage sag. For the reason that, it can carry out a subset tests described in this paper to analyze the voltage tolerance of EMR, only considering magnitude, duration, POW, PAJ, and the two-stage sag.
Secondly, based on the test results got, the general VTC of EMR are obtained as shown in Figure 12. The general VTC is helpful for industry consumer to choose the proper EMR considering their own operating environment. Moreover, it is useful for the manufacturer to design the EMR with higher voltage tolerance for specific consumer. For example, EMR can work steadily in a longer duration environment.
Third, EMR can tolerate a voltage sag with the magnitude more than 74% of Unom no matter how long the sag lasts from the general VTC in Figure 12. The result is profitable for providing appropriate sag countermeasures. For example, the voltage is only compensated to 74% of Unom to ensure the EMR operate properly, and the entire industry process would not be interrupted, accordingly. It means that industrial users can choose a voltage-compensating device with a smaller capacity to maintain the whole process and save money, more importantly.
7 CONCLUSION
This paper has performed a large number of tolerance tests on eight different EMRs, and the test results are presented graphically as VTCs. The tolerance to rectangular and non-rectangular voltage sag is investigated in the tests; the influence factors considered here include POW, PAJ, frequency variation, harmonic, magnitude variation in pre- and post-sag segments, two-stage sag, and slow recovery sag.
The obtained VTCs clearly show that the response of EMRs to voltage sag or short interruption can be rather complex. The magnitude and duration of sag are not the only parameters which influence EMR’s sensitivity; POW and PAJ also have an important influence on the EMR’s tolerance.
The following specific conclusions can be drawn from the tests performed.
1) From the tolerance test under rectangular voltage sag, the tolerance capability of EMR is obtained. Although the EMR’s VTC is different depending on its type, the shapes of VTCs of all tested EMRs are basically similar. Through more than 10,000 tests on each EMR, EMR can tolerate a voltage sag with the magnitude more than 74% of Unom. When the sag magnitude is less than 48% of Unom, EMR will trip when the sag duration exceeds 28 ms.
2) A quarter-cycle symmetry of VTCs with respect to POW is proved. The POW has a significant influence on the behavior of EMRs. VTCs have different shapes for 0° and 90° POW. The tolerance of EMR is stronger at 0° POW than 90° POW, generally.
3) PAJ effects on the tolerance of EMR, when a PAJ occurs, the tolerance of EMR is weaker.
4) Two-stage voltage sags can decrease EMR’s tolerance, making EMR easier to disengage. The sequence of the two-stage also has a significant influence on EMR’s tolerance.
5) Other factors of frequency variation up to ±2%, harmonic (THD up to 12%), and the slow recovery voltage sag only have a not-noticeable impact on the tolerance of EMR. EMR can tolerate the slow recovery voltage sag with the magnitude more than 60–70% of Unom.
The test results are useful to choose proper EMR with higher tolerance and to use subset tests to quantitatively analyze sensitivity of a new EMR. It is profitable to apply a voltage compensating device with a smaller capacity to keep the process unaffected using the general VTC.
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