

  energies-12-01802




energies-12-01802







Energies 2019, 12(9), 1802; doi:10.3390/en12091802




Article



A Fast Method to Compute the Dynamic Response of Induction Motor Loads Considering the Negative-Sequence Components in Stability Studies



Xiaoming Mao * and Junxian Chen





Department of Electrical Engineering, School of Automation, Guangdong University of Technology, Guangzhou 510006, China









*



Correspondence: mxmsunny@163.com; Tel.: +86-020-39322552







Received: 25 April 2019 / Accepted: 8 May 2019 / Published: 12 May 2019



Abstract

:

This paper deals with the modeling and simulation of induction motor loads in power system stability studies considering the influence of the negative-sequence components. A practical method for computing the dynamic behavior of an induction motor under asymmetric faults is proposed and implemented in MATLAB. The accuracy of the proposed method is verified through classical electromagnetic transient simulations using the PSCAD/EMTDC software package. Compared with the existing traditional transient stability simulations, the method increases a little computational burden yet achieves much better simulation accuracy under asymmetric faults.
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1. Introduction


The problem of maintaining stability is a major concern in power system operation [1,2,3]. Generally, power system stability can be classified into two categories by the size of disturbance: Large-disturbance stability and small-disturbance stability. The large-disturbance stability focuses on the system’s stability of angles and voltages following severe disturbances, e.g., short-circuit faults [4,5,6]. In this aspect, nonlinear time-domain simulations are often adopted to exam the dynamic performance of the system over a period of time in which the modeling of the power system plays a major role.



Existing research has concentrated on the modeling of the main dynamic components of the power system, such as generators and power electronic equipment. Besides, the load model should also be emphasized [7,8,9,10]. In the early stage, the static load model (ZIP), which ignores the dynamic characteristics of load, is commonly used in simulation. In modern power systems, with the increasing proportion of induction motors, the influence of the dynamic characteristics of load on power systems is becoming significant [11,12]. For better simulation accuracy, load models have been improved gradually, and, at present, the load at each bus is considered as a combination of induction motors (IMs) and static loads in many production-grade transient stability (TS) simulation programs. In this case, the modeling of IMs becomes particularly important.



In TS-type simulation programs, such as PSS/E, TAST, and BPA, the third-order IM model is extensively employed; this model takes the positive-sequence voltage presenting at its terminal into account to model the transient behavior of an IM [13,14,15]. Since symmetric faults, e.g., three-phase short-circuit faults, are universally used in TS simulation to check the dynamic performance of the power system, the existing IM model achieves satisfactory simulation accuracy.



However, the most frequent faults in power systems are asymmetric faults. For example, single-phase grounding short-circuit faults account for 65% of the faults in operation. When an asymmetric fault occurs, besides the fundamental-frequency positive-sequence components, negative- and zero-sequence components also appear in power systems. Traditional TS programs used for large-scale stability studies assume that the transmission network has balanced three phases and only models the positive-sequence of the system to achieve computational efficiency. System stability under unbalanced faults is evaluated by combining effective negative- and zero-sequence impedance calculated at the fault location with the positive-sequence network. Since these simulation tools do not consider the effect of the negative-sequence on IM transients, they provide erroneous IM outputs when an unbalanced fault occurs at the vicinity of the IMs.



A solution is to employ the electromagnetic transient (EMT) simulation which can well predict the transient response of IMs under symmetric and asymmetric disturbances [16,17,18]. However, these computing models includes differential terms to describe the stator transients thus do not match with the power network models used in stability studies where the phasor modeling technique is used to represent the relations between voltages and currents. The TS-EMT hybrid simulation incorporates both the detailed device level simulation and system-wide functional modelling within an integrated analysis tool [19,20]. By performing three-phase simulation for loads close to the fault location and TS simulation for the other part of the system, satisfactory system dynamics can be obtained. However, in application, it is inconvenient to set different EMT simulation ranges for different fault locations in the hybrid simulation, especially in bulk power systems.



With the above concern, although three-phase short-circuit faults have the most serious impact and are generally used as a stability criterion, if the accuracy of asymmetric fault simulation can be improved, operators can provide better and more economical pre-accident prevention and post-accident treatment to secure the power system.



This paper proposes an improved electromechanical transient model for IM loads considering the influence of the negative-sequence components and analyzes the feasibility to incorporate it into existing TS-type simulation tools. The main work includes: (1) Analyzing the defect of the IM traditional electromechanical transient model under asymmetric fault by examples; (2) deriving the integrated IM model considering the negative-sequence components in stability studies; and (3) developing a practical method to improve the prediction of the IM dynamics under asymmetric faults with higher accuracy and acceptable computation efforts.



The rest of this paper is organized as follows. A review and test on the traditional electromechanical transient model of an IM is presented in Section 2. The modeling of IMs considering the influence of negative-sequence components is addressed in Section 3. A solution of the integrated model of IMs is addressed and validated in Section 4. Finally, Section 5 concludes the paper.




2. Traditional Transient Stability Model of an IM


2.1. TS Model of an IM


In modern power systems, motors form a major portion of the loads. Thus it is important to model the induction motors in system analysis. The fifth order (electromagnetic) model and the third order (electromechanical) model are two frequently used IM models in dynamic simulations [21,22,23]. To clearly describe the models, this paper uses V¯, E¯, and I¯ to represent phasor voltage, potential and current, V¯*, E¯*, and I¯* to represent their conjugates, and V, E, and I to represent their Root Mean Square (RMS) value.



The fifth order IM model captures the stator and rotor flux dynamics together with the inertia dynamics and hence is adopted in EMT-type simulation packages such as PSCAD/EMTDC and EMTP [24]. Due to its high computation accuracy, it is also used to calibrate the accuracy of other models.



Compared to the rotor dynamics, the stator flux transients are significantly fast; therefore, the fifth order model can be reduced to a third order model to provide a compromise between simplicity and accuracy [25,26]. The third order model is often used in TS-type simulation packages and the differential and algebraic equations (DAEs) governing it are


V¯s=E¯′+(Rs+jX′)I¯s



(1)






{dEd′dt=−1T0′[Ed′+(X−X′)Iqs]+sωsEq′dEq′dt=−1T0′[Eq′−(X−X′)Ids]−sωsEd′



(2)






2Hdsdt=Tm−Te



(3)




where V¯s and I¯s are the stator terminal voltage and current, respectively; X = Xs + Xm is the rotor open-circuit reactance; X′ = Xs + XrXm/(Xr + Xm) is the transient reactance of the IM; E¯′ is the internal potential behind the transient impedance; Ed′, Eq′, Ids, and Iqs are the d- and q-axis components of E¯′ and I¯s, respectively; T0′ = (Xr + Xm)/(ωsRr) is the transient open-circuit time constant characterizing the decay of the rotor transients when the stator is open-circuited; ωs is the synchronous angular velocity of the rotating field; s is the slip; H is the inertia constant of the motor and load; Tm is the load torque; and Te is the electrical torque.



The electrical torque of an IM, as well as the real and reactive powers it draws are calculated by


Te=Re(E¯′⋅I¯s*) 



(4)






{Pe=Re(V¯s⋅I¯s*)Qe=Imag(V¯s⋅I¯s*)



(5)







The model described above are in a form directly suitable for power system analysis and simulation studies, where rotor flux is represented by the internal potential.



The equivalent circuit corresponding to Equation (1) is shown in Figure 1.



In some cases, we use an alternative representation for the transients of the internal potential, as given in (6).


dE¯′dt=−1T0′[E¯′−j(X−X′)I¯s]−jsωsE¯′



(6)








2.2. The Performance of the Traditional TS Model of an IM


The simple power network shown in Figure 2 is used to test the performance of the traditional electromechanical transient model of an IM, where the electric source E¯eq feeds the IM through an equivalent system impedance Zeq.



In the following example, we assume Eeq = 115 kV, f = 50 Hz and Zeq = (3.4 + j8.0425) Ω, and the IM is rated at 110 kV, 152.5 A. The typical IM parameters recommended by the Institute of Electrical and Electronics Engineers (IEEE) in [27] are used in this study and listed in Table 1. Without a loss of generality, the load torque of the IMs is assumed to be Tm = Aωm2, where ωm is the rotor speed in p.u.



The faults considered include balanced and unbalanced voltage sags occurring at the power source end at t0 = 0.2 s with the duration 0.2 s. The sag parameters are defined as follows:



Case 1: Balanced voltage sag. During the sag, Eeqadur = Eeqbdur = Eeqcdur = 0 p.u.



Case 2: Unbalanced voltage sag. During the sag, Eeqadur = 0 p.u., Eeqbdur and Eeqcdur remain unchanged.



In Figure 2, we have


E¯eq=Vs¯+(Req+jXeq)I¯s



(7)







With (7) and the DAEs regarding the IM in (1)–(5), we can obtain the DAEs governing the dynamics of the system under study. Subsequently, both TS simulation and EMT simulation are performed, respectively. In TS simulation implemented in MATLAB, we use the trapezoidal integral rule to convert the dynamic equations to algebraic equations, which are then solved simultaneously with the other algebraic equations to obtain response of the system. The results from EMT simulation program PSCAD/EMTDC is used for comparison. It is worth mentioning that the computed voltages (currents) in EMT simulation are the RMS values provided by the fast Fourier transform to facilitate the comparison. In addition, the computing step size is 10 ms and 100 μs for TS simulation and the PSCAD, respectively.



Figure 3, Figure 4, Figure 5 and Figure 6 show the type-2 and type-5 IM responses during voltage sag in each aforementioned case. It shows that, during the voltage sag, the motor decelerates and the slip increases as a result of the electrical torque drop. After the sag, the speed and P/Q consumptions undergo their transients and restore to their initial values.



In the case of balanced voltage sag, as shown in Figure 3 and Figure 4, it is observed that the traditional TS simulation agrees well with the EMT simulation. While considering that the TS simulation neglects the machine stator transients, the network variables change instantly at the moment of failure, and clearing thus brings some deviation.



In the case of asymmetric voltage sag, the simulation deviation becomes significant. In Figure 5, the TS simulation results of the rotor slip and the active power are reasonable, but the deviations of the reactive power and the stator voltages is significant. In Figure 6, except for the Q and V dynamics, predictions of slip and active power are also unacceptable. The results indicate that in the case of asymmetric fault, IM dynamics obtained by TS simulation are not satisfactory. The reason is that only the positive-sequence components are considered in TS simulation, but, in asymmetric faults, the negative-sequence components have a considerable contribution. Therefore, it is necessary to consider the influence of the negative-sequence components.





3. Integrated TS Model of an IM Considering Negative-Sequence Components


When subject to unbalanced disturbances, both positive- and negative-sequence voltages will act on the response of an IM. The symmetrical component method can be used to analyze their effects.



In this section, before deriving the negative-sequence equations of an IM, we will review the derivation process of the traditional electromechanical model of an IM first. Then, the integrated model, including the positive- and negative-sequence equations, will be formulated.



3.1. Derivation Process of the Traditional TS Model of an IM


As described in Section 2.1, Equations (1)–(5) constitute the electromechanical transient model of an IM, among which the stator voltage Equation (1) and rotor flux Equation (2) are especially noteworthy. Their derivation is summarized as follows according to [2].



Step 1: Write the voltage and flux linkage equations for the stator and rotor in their own reference frame.



Step 2: Apply the d-q transformation to obtain the voltage and flux linkage equations in the d-q reference frame, which rotates at synchronous speed in the direction of rotation; the q-axis is 90° ahead of the d-axis.



Step 3: In the d-q reference frame, substitute the stator and rotor flux equations into the voltage equations and rearrange them to get the stator voltage Equation (1) and the rotor flux dynamics (2).



The equations regarding the negative-sequence components can be derived using the similar procedures. Note that when counting in the influence of the negative-sequence components, the rotor acceleration Equation (3) remains unchanged.




3.2. Negative-Sequence TS Model of an IM


With negative-sequence voltages presence at the IM terminal, negative-sequence stator currents appear, giving rise to the negative-sequence rotating field which rotates against the rotor at the synchronous speed. In this case, the stator and rotor voltage equations are:


{va=pψa+Rsiavb=pψb+Rsibvc=pψc+Rsic



(8)






{vA=pψA+RriAvB=pψB+RriBvC=pψC+RriC



(9)







In (8) and (9), a, b, and c denote the stator three-phase winding; A, B, and C denote the rotor three-phase winding; v and i represent the voltages and currents of the windings denoted by the subscript; Ψ represents the flux linking the winding; and p represents the differential operator d/dt. Note that when negative-sequence voltages are applied at the stator terminals, the stator and rotor voltage equations remain consistent with that in the positive-sequence equations in the forward rotating d-q reference frame in [2].



The flux linkage in the stator phase a winding at any instant is


ψa=Laaia+Lab(ib+ic)+    LaA[iAcosθ+iBcos(θ−120∘)+iCcos(θ+120∘)]



(10)




where Laa is the self-inductance of stator windings, Lab the mutual inductance between stator windings, and LaA is the maximum value of mutual inductance between stator and rotor windings. θ is defined as the angle by which the axis of phase A rotor winding leads the axis of phase a stator winding in the direction of rotation. Similar expressions apply to Ψb and Ψc.



The flux linkage in the rotor phase A winding is given by


ψA=LAAiA+LAB(iB+iC)+    LaA[iacosθ+ibcos(θ+120∘)+ic cos(θ−120∘)]



(11)







Similar expressions apply to ΨB and ΨC.



With no neural currents due to winding connections and let


{Lss= Laa−LabLrr=LAA−LAB



(12)







The expressions for flux linkage in the stator and rotor are written as:


[ψaψbψc]=Lss[iaibic]+LaA[cosθcos(θ−120∘)cos(θ+120∘)cos(θ+120∘)cosθcos(θ−120∘)cos(θ−120∘)cos(θ+120∘)cosθ][iAiBiC]



(13)






[ψAψBψC]=Lrr[iAiBiC]+LaA[cosθcos(θ+120∘)cos(θ−120∘)cos(θ−120∘)cosθcos(θ+120∘)cos(θ+120∘)cos(θ−120∘)cosθ][iaibic]



(14)







Note that with negative-sequence voltage presence at the stator terminal, the stator and rotor flux equations have changed compared to those in [2].



To transform phase variables in (8), (9), (13), and (14) into components along the reverse rotating axes, the d-q transformations used in this case are:


[AdsAqs]=23[cos(θr+θ)cos(θr+θ+120∘)cos(θr+θ−120∘)−sin(θr+θ)−sin(θr+θ+120∘)−sin(θr+θ−120∘)][AaAbAc]



(15)






[AdrAqr]=23[cosθrcos(θr+120∘)cos(θr−120∘)−sinθr−sin(θr+120∘)−sin(θr−120∘)][AAABAC]



(16)







In (15) and (16), θr is the angle by which d- axis leads phase A axis of the rotor. Aa, Ab, and Ac represent negative-sequence stator phase components, and Ads and Aqs are their corresponding d-q axes components. AA, AB, and AC represent negative-sequence rotor phase components, and Adr and Aqr are their corresponding d-q axes components. The transformations apply to currents, voltages, and flux linkages.



Their inverse transformations are:


[AaAbAc]=[cos(θr+θ)−sin(θr+θ)cos(θr+θ+120∘)−sin(θr+θ+120∘)cos(θr+θ−120∘)−sin(θr+θ−120∘)][AdsAqs]



(17)






[AAABAC]=[cosθr−sinθrcos(θr+120∘)−sin(θr+120∘)cos(θr−120∘)−sin(θr−120∘)][AdrAqr]



(18)







Note that the d-q transformations and their inverse transformations defined by Equations (15)–(18) are also different from those in [2].



After the d-q transformation, the voltage and flux linkage equations for the stator and rotor in the d-q reference frame are:


{vds=Rsids−ωsψqs+pψdsvqs=Rsiqs+ωsψds+pψqs



(19)






{vdr=Rridr−(pθr)ψqr+pψdrvqr=Rriqr+(pθr)ψdr+pψqr



(20)






{ψds=Lssids+ Lmidrψqs=Lssiqs+ Lmiqr



(21)






{ψdr=Lrridr+ Lmidsψqr=Lrriqr+ Lmiqs



(22)




where Lm = 3/2 LaA. Note that Equations (19)–(22) are identical to the positive-sequence voltage and flux equations in the forward rotating d-q reference frame in [2]. However, in the reverse rotating case, the term pθr is (2−s)ωs instead of sωs.



Then, by neglecting the stator transients pΨds and pΨqs in (19), letting the rotor windings shorted, and substituting the stator and rotor flux linkage equations into the voltage equations, the derived stator voltage equation expressed in phasor form is:


V¯s2=E¯2′ + (Rs+jX′)I¯s2



(23)




where V¯s2, I¯s2, and E¯2′ are the negative-sequence stator terminal voltage, current, and internal potential, respectively. The corresponding equivalent circuit is shown in Figure 7, which is similar to Figure 1.



The equations describing the rotor circuit dynamics are:


{dE2d′dt=−1T0′[E2d′+(X−X′)Iqs2]+ (2−s)ωsE2q′dE2q′dt=−1T0′[E2q′−(X−X′)Ids2]−(2−s)ωsE2d′



(24)




where E2d′ and E2q′, Ids2, and Iqs2 are the d- and q-axis components of E¯2′ and I¯s2, respectively.



Equation (24) may also be written as:


dE¯2′dt=−1T0′[E¯2′−j(X−X′)I¯s2]−j(2−s)ωsE¯2′



(25)







Equation (23) describes the relations between the negative-sequence terminal voltage, current, and internal potential, and (24) gives the dynamics of the negative-sequence internal potential. It can be found that (23) and (24) are very similar to (1) and (2), with the differences in that the negative-sequence components are denoted by the subscript 2, and the sωs in (2) is replaced by (2–s)ωs in (24).




3.3. Integrated TS Model of an IM Including Positive- and Negative-Sequence Components


With the negative-sequence equations included, the machine electrical torque and power consumptions in (4) and (5) are corrected into:


Te=Te++ Te− = Re(E¯′⋅I¯s*−E¯2′⋅I¯s2*)



(26)






{Pe=Pe++ Pe− = Re(V¯s⋅I¯s* + V¯s2⋅I¯s2*)Qe=Qe++ Qe− = Imag(V¯s⋅I¯s*−V¯s2⋅I¯s2*)



(27)




where the superscripts + and – represent positive- and negative-sequence components, respectively.



Equations (1)–(3), (23), (24), (26) and (27) constitute the integrated electromechanical transient model of an IM in stability studies considering the negative-sequence components. In the following, we refer to them as the Integrated TS (ITS) model of an IM.



During an asymmetric voltage sag, the three-phase potentials of the electric source are decomposed into positive-, negative-, and zero-sequence components as:


[E¯eq1E¯eq2E¯eq0]=13⋅[1aa21a2a111][E¯eqaE¯eqbE¯eqc]



(28)




where a=1∠120∘ is a complex operator, the subscripts a, b, and c denote the phase components, while 1, 2, and 0 represent the positive-, negative-, and zero-sequence components, respectively. Then we have the negative-sequence network equation:


E¯eq2=V¯s2+(Req+jXeq)I¯s2



(29)







The overall system model for the studied power network shown in Figure 2 includes Equations (1)–(3), (7), (23), (24), (26), (27) and (29), where Equations (1)–(3), (23), (24), (26) and (27) are the ITS model of the IM; (7) and (29) are the network equations.





4. Solution of the Integrated Model of an IM


4.1. A Regular Solution Method


Equations (24) and its phasor form (25) are developed in the reverse rotating d-q reference frame. To solve it, we substitute (23) into (25) and get:


dE¯2′dt=−1T0′[E¯2′−j(X−X′)V¯s2−E¯2′(Rs+jX′)]−j(2−s)ωsE¯2′



(30)







(30) can be rearranged as


dE¯2′dt=j(X−X′)T0′(Rs+jX′)V¯s2−[1T0′+j(X−X′)T0′(Rs+jX′)+j(2−s)ωs]E¯2′



(31)







Let


{KE2=1T0′+j(X−X′)T0′(Rs+jX′)+j(2−s)ωsBE=j(X−X′)T0′(Rs+jX′)



(32)







We get


dE¯2′dt=−KE2E¯2′+BEV¯s2



(33)







(33) is a first-order non-homogeneous linear differential equation and its analytical solution is


E¯2−dur′(t)=BEKE2V¯s2+(E¯20′−BEKE2V¯s2)e−KE2(t−t0)



(34)




where t0 is the moment of failure, E¯2−dur′(t) is the negative-sequence transient potential during voltage sag, and its initial value E¯20′ is zero.



After the sag, only positive-sequence voltage presents at the IM bus, while the negative-sequence internal potential will decay to zero and is calculated by:


E¯2−after′(t)=BEKE2V¯s2+(E¯21′−BEKE2V¯s2)e−KE2(t−t1)



(35)




where t1 is the moment of clearing, E¯2−after′(t) is the negative-sequence transient potential after voltage sag, and E¯21′ is the negative-sequence transient potential at time t1.



Equations (34) and (35) give the analytical solution of E¯2′ during and after the sag. In the ITS model, we use E¯1′ solved by the trapezoidal integration rules, and E¯2′ calculated by (34) or (35) to synthesize the IM dynamics under asymmetric faults. Note that the ITS model adds two differential equations to consider the negative-sequence components to improve simulation accuracy but brings heavier computation burden. To make a trade-off between accuracy and computation time, in the following we further propose a practical method which approximately treat the negative-sequence components.




4.2. Approximate Treatment of the Negative-Sequence Components


Figure 8 gives the negative-sequence steady-state equivalent circuit of an IM whose input impedance is:


Zin2=(Rs+jXs)+jXm(Rr2−s+jXr)Rr2−s+j(Xm+Xr)



(36)







Generally, the initial slip of an IM is small, and, under an asymmetric voltage sag, the variation in slip will not be large. Then we consider the slip as zero and have:


Zin2≈(Rs+jXs)+jXm(Rr2+jXr)Rr2+j(Xm+Xr)



(37)







Equation (37) approximates the equivalent impedance of an IM to a constant impedance during an asymmetrical fault. Thus, with negative-sequence stator voltage V¯s2 presenting at the terminal, the final value of I¯s2 can be estimated by:


I¯s2=V¯s2Zin2



(38)







Since Zin2 is small, Is2 is usually large.



According to Figure 7, and considering Equation (38), we have


E¯2′=V¯s2−(Rs+jX′)I¯s2≈R⋅V¯s2



(39)




where R=1−(Rs+jX′)/Zin2 is a complex constant. The magnitude of R measures the ratio of the negative-sequence internal potential to the terminal voltage and is termed as negative-sequence internal potential coefficient here.



Table 2 lists the defined coefficients and the transient open-circuit time constant T0′ of the seven sets of typical IMs recommended by IEEE in [27]. It is seen that the magnitudes of R are generally small, but that of the type-5 and type-7 IM are relatively large.



In power systems, the maximum value of the IM negative-sequence stator voltage Vs2 is approximately 1/3 p.u.; correspondingly, the negative-sequence internal potential E2′ will not exceed 0.05 p.u. Further considering that the time constant corresponding to E2′ is large, the IM negative-sequence components, e.g., E2′, Is2, and Te−, will reach their final value very quickly in the dynamics. In view of this, during an asymmetric fault, we may ignore their transients and assume that they achieve their final values instantly, which is equivalent to replacing the IM with Zin2 in the power network shown in Figure 2 during the sag. Thus, V¯s2 can be predicted by:


V¯s2=E¯eq2⋅Zin2Zin2+Zeq



(40)







Then I¯s2, E¯2′, and Te− can be estimated by (38), (39), and (41), respectively.


Te−=Re(E¯2′⋅I¯s2*)



(41)







Similarly, after the sag, all the negative-sequence components will revert to zero quickly, and we may assume that they restore to zero instantly. In this way, we can fast predict the negative-sequence components during and after the sag.



Figure 9 shows the flow chart of the proposed practical method, which uses the traditional TS simulation and the approximate treatment to deal with the positive- and negative-sequence equations, respectively, to obtain the transient response of an IM. There are thirteen steps in Figure 9, with steps 8, 9, and 10 being the most important. In step 8, the negative-sequence components are estimated by using Equations (40), (38), (39), and (41) in turn, and the obtained negative-sequence electrical torque is then used to compute the rotor slip in step 9. Finally, in step 10, active and reactive power consumptions of the IM are obtained.



The ITS and simplified models proposed in Section 4.1 and Section 4.2 are both improved TS models. Therefore, their simulation step sizes are also set as 10 ms in this study.




4.3. Verification and Discussion


Figure 10 shows the Is2, E2′, and Te− dynamics obtained through the ITS model with the type-2 and type-5 IM under the asymmetric voltage sag defined in Section 2.2. It is seen the waveforms of all negative-sequence components look like square waves. The negative-sequence stator current Is2 of type-2 and type-5 IM are large, and the E2′ and Te− of type-5 IM are larger than that of type-2 IM, which justifies the analysis in Section 4.2.



Figure 11 and Figure 12 compare the IM responses obtained by the practical method (solid line), the ITS model (dashed line) implemented in MATLAB, and the EMT simulation (dot line) under the aforementioned unbalanced voltage sag. It is seen both the practical method and the ITS simulation agree well with the EMT simulation, which validates the correctness of the proposed model and the computation method. The observed difference in powers is attributed to the fact that, during an asymmetric fault, the instantaneous active and reactive powers an IM draws include doubled frequency components. The EMT simulation uses very small step size and, hence, captures the oscillatory response; while in TS simulation, the phasor modelling technology is used and reflects only the averages.



From the simulation results in Figure 11 and Figure 12, we can find that the ITS model and the practical method consider the influence of the negative-sequence components and, thus, provide satisfactory results. Note that the practical method only adds several algebraic equations considering the negative-sequence components during faults and therefore require a little more computation effort than that of the traditional TS model, i.e., achieving a trade-off between accuracy and computation time. In the test system, the time consumptions of the TS simulation, the practical method and the ITS model are 0.62 s, 0.621 s, and 1.18 s, respectively, with a Core i7-6700 CPU and 16 GB RAM computing platform, which means the ITS model requires approximate twice the time of the TS simulation; the practical method shares almost the same computation efficiency as the TS simulation.



According to the simulation results in Figure 5 and Figure 6, it can be observed that under asymmetric fault, negative-sequence stator currents Is2 would be considerable but is ignored in TS simulation. As a result, the predictions of V¯s2 in Equation (29) and, accordingly, the machine phase voltages (Ua, Ub, Uc) are rough. In addition, for type-5 IM, a relatively large E2′ brings a relatively large negative-sequence electrical torque Te−. Since Te− is neglected in TS simulation, the calculation of the active power and slip is of poor accuracy.



As we all know, the slip of an IM is small; hence, very low negative-sequence voltages will contribute to considerable negative-sequence currents Is2 on the motor. The traditional TS simulation ignores Is2 so that the computational error under asymmetric faults is significant. Taking the active power as an example, since the value of Pe− may be greater than Pe+, when Pe− is omitted, the relative error may even be higher than 100%. While when the negative-sequence is properly modelled in the proposed practical method, the error is almost negligible. The above results validate that it is of great significance to include the negative-sequence components in TS simulation.



We have tested other types of IMs recommended by [27] under various asymmetric voltage sags with different durations using the practical method. A similar agreement between responses obtained with MATLAB and PSCAD is observed. Figure 13 illustrates the response of the type-7 IM when Eeqb and Eeqc drops to zero for 0.5 s in the test system. It is observed the practical method still gives satisfactory results even when a very serious asymmetrical fault occurs, whereas the traditional TS simulation gives poor prediction.



The proposed practical simulation method can be also applied to multi-machine power systems under asymmetric faults using the following steps. Firstly, replace the IMs with their approximate negative-sequence steady-state equivalent impedances during the fault to form the new negative-sequence network. Subsequently, combine the effective negative- and zero-sequence impedance calculated at the fault location with the positive-sequence network according to the type of the unbalance fault. Then, solve the overall network equations to obtain the negative-sequence terminal voltages of the IMs. Finally, the other negative-sequence components, such as I¯s2, E¯2′, and Te−, can be accordingly calculated.





5. Conclusions


Motors consume 60 to 70% of the total energy supplied by a power system. The dynamics attributable to motors are usually the most significant aspects of dynamic characteristics of system loads. In this work, modeling and simulation of induction motor loads in power system stability studies considering the influence of the negative-sequence components are explored. A practical method to calculate the transient response of an IM is proposed. The method can well predict the IM behavior subject to asymmetric faults. Compared with the existing TS simulation, it adds a little computational burden yet achieves much better simulation accuracy.
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Figure 1. The transient-state equivalent circuit of an induction motor (IM). 
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Figure 2. The studied simple power network. 
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Figure 3. Comparison of traditional transient stability (TS) simulation and electromagnetic transient (EMT) simulation under balanced voltage sag with the type-2 IM. 
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Figure 4. Comparison of traditional TS simulation and EMT simulation under balanced voltage sag with the type-5 IM. 
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Figure 5. Comparison of traditional TS simulation and EMT simulation under unbalanced voltage sag with the type-2 IM. 
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Figure 6. Comparison of traditional TS simulation and EMT simulation under unbalanced voltage sag with the type-5 IM. 
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Figure 7. The negative-sequence transient-state equivalent circuit of an IM. 
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Figure 8. The negative-sequence steady-state equivalent circuit of an IM. 
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Figure 9. Flowchart for the practical method. 
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Figure 10. The dynamics of the negative-sequence components with the Integrated TS (ITS) model. 
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Figure 11. Comparison of the ITS simulation, the practical method, and the EMT simulation under unbalanced fault with the type-2 IM. 
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Figure 12. Comparison of the ITS simulation, the practical method, and the EMT simulation under unbalanced fault with the type-5 IM. 
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Figure 13. Comparison of the practical method, the TS simulation and EMT simulation under a severe unbalanced fault with the type-7 IM. 
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Table 1. The parameters of the typical induction motors.
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	Type
	Rs (p.u.)
	Xs (p.u.)
	Rr (p.u.)
	Xr (p.u.)
	Xm (p.u.)
	H (s)
	A





	2
	0.013
	0.067
	0.009
	0.170
	3.80
	1.5
	0.8



	5
	0.077
	0.107
	0.079
	0.098
	2.22
	0.74
	0.46



	7
	0.064
	0.091
	0.059
	0.071
	2.23
	0.34
	0.8
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Table 2. The negative-sequence internal potential coefficients and the rotor transient open-circuit time constants of the seven sets of typical IMs.
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	IM Type
	Type-1
	Type-2
	Type-3
	Type-4
	Type-5
	Type-6
	Type-7





	R
	0.0295
	0.0179
	0.016
	0.016
	0.1567
	0.0842
	0.1501



	T0′
	0.5977
	1.4041
	0.8913
	0.8913
	0.0934
	0.1965
	0.1241
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