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Abstract

:

Taking a 1000 MW turbine generator as the research object, the short-circuit fault in electrical disturbance is analyzed. Since it is very difficult to carry out fault analysis experiments and research on actual systems, simulation analysis is one of the more effective means of electrical fault diagnosis; the simulation’s results approach the actual behavior of the system and are ideal tools for power system analysis, and can provide an empirical basis for practical applications. The short-circuit fault model of the SIMULINK power system is built to analyze the two types of faults of generator terminals short-circuit and power grid short-circuit. The impact load spectrum, fault current and speed fluctuation between low-voltage rotors were extracted and analyzed. The conclusion is that the impact value of electromagnetic torque at the generator terminal is greater than that on the power grid side. The impact value of a two-phase short-circuit at the generator terminal is the largest, and that of a three-phase short-circuit on the power grid side is the smallest. The transient impulse current of a three-phase short-circuit at any fault point is greater than that of a two-phase short-circuit; the impulse current of the grid side short-circuit is much greater than that of the generator terminal short-circuit; the speed fluctuation and fluctuation difference caused by the three-phase short-circuit in the grid side are the largest. The alternating frequency of the transient electromagnetic force of the four kinds of faults avoids the natural frequency of the torsional vibration of the shaft system, and the torsional resonance of the shaft system in the time domain of the short-circuit fault will not appear. However, after the fault is removed, the residual small fluctuation torque in the system has a potential impact on the rotor system. This research shows an analysis of the structural integrity and safe operation of turbine generator units after a short-circuit fault, which can not only be applied to engineering practice, but also provide a theoretical basis for subsequent research.
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1. Introduction


A steam turbine generator set is the core component of power energy production, and at present, the main power energy production structure in China is still dominated by thermal power, which is gradually developing into large units with high capacity and high parameters. With the gradual increase in the unit capacity, the rotor system is also developing towards a more complex, long-axis system, so the torsional vibration of turbine generator units is becoming a problem that cannot be ignored. Once a torsional vibration fault occurs, it will cause irreversible damage to the rotor, causing major accidents and huge economic and property losses. Therefore, research on torsional vibration has great theoretical and engineering application value. The analysis and calculation of shaft torsional vibration is the basis of shaft design and the safety analysis of turbo-generator units.



The analysis and calculation of shaft torsional vibration characteristics can be summarized as the analysis of dynamic response and inherent characteristics. The analysis methods for the inherent characteristics of torsional vibration mainly include the transfer matrix method, the characteristic root analysis method, the Lagrange method and the equivalent impedance method [1,2]. There are also new and improved algorithms, such as the stiffness coefficient and inertia coefficient method proposed by Chow J.H. [3], based on the least square method. Fairbairn et al. [4] proposed a method for identifying the modal parameters of rotor shafting, and the number of variables needed in the identification process was the same as that of the identified modes. Li et al. [5] proposed a two-channel active damping control measure. One is a proportion integration differential damping term with frequency difference, which is used to reduce the torsional vibration caused by the frequency difference between the fan and shafting; the other adopts the torsional vibration angle as the feedback signal, and an additional damping term is formed by the bandpass filter and trap filter. The strategy can increase the electromagnetic torque and suppress the torsional vibration of the drive chain. Finally, modeling and simulation using Matlab/Simulink show that this method can effectively suppress the torsional vibration of the drive chain without affecting power generation. Masayuki et al. [6,7] assessed a simple tool for the analysis of the torsional vibration of the rotor shaft of a turbine generator, which is interconnected with a power system with self-commutated converters. Tang et al. [8] used a Riccati transfer matrix and Holzer method to calculate the inherent characteristics of the torsional vibration of rotating machinery shafting, compiled the corresponding program, and introduced the method of reducing the order of the model. The correctness of the model reduction method and calculation program was verified by calculating the natural frequency and vibration mode of the torsional vibration of subsynchronous resonance simulator shafting. Zhao et al. [9,10,11] investigated the free vibration behaviors of a functionally graded (FG) disk–shaft rotor system, which was reinforced with graphene nanoplatelets (GPL) resting on elastic supports. Liu et al. [12,13,14] deduced the torsional vibration model of the shafting with dynamic frequency based on the consideration of the dynamic conditions of the shafting, studied the dynamic frequency problem of the torsional vibration of the shafting of a 300 MW turbo-generator unit, and concluded that the torsional vibration of the shafting of the turbo-generator unit at the existing rotational speed can be ignored. Zhao et al. [15,16,17] shed important light on the design of a novel graphene-reinforced blade–shaft system offering remarkably improved dynamic performance. Pan et al. [18,19] studied the influence of the change in non-harmonic parameters on the vibration characteristics of a bladed disk system, and obtained the conclusion that the vibration mode change trends of the bladed disk system and those of the bladed disk were basically the same. Kundur et al. [20,21,22] gave a method for system control and nonlinear simulation in a power system simulator used on the object virtual network integrator of UBC. The definition and classification of power system stability were introduced. Zhao et al. [23,24,25,26,27,28,29] studied the rubbing of a mistuned bladed disk system with blades of variable thickness, and an elastically supported shaft-variable thickness blade-coupled finite element model was established. Yuan et al. [30] studied the optimized arrangement of the vibration damping in a dissonant bladed disk system by establishing a centralized parameter model. According to different intelligent optimization algorithms, a new optimization arrangement method was proposed. Machowski et al. [31,32] proposed that the model of phase-shifting transformer can be divided into an isotropic part and an anisotropic part. The isotropic part can be included in the network model, and the relevant admittance matrix can be inversed by the process assigned to the symmetric matrix. Navid et al. [33,34,35] proposed a six-phase motor saturation CPVBR model, which contains the main flux saturation, achieving magnetic decoupling and constant RL grafting. This new magnetic decoupling CPVBR (DCPVBR) model has many advantages, which can be easily interfaced with inductance and/or power electronic circuit components, and can be realized in common simulation programs. Zhao et al.’s [36,37] improved parallel algorithm constructed a graphics processing unit based on a compute unified device architecture, and its performance was analyzed. The results show that using optimization results can reduce the amplitude and localization of the forced vibration response of a bladed-disk system. At the same time, optimization based on a compute unified device architecture framework can improve computing speed. Sun Hetai [38] expounded the importance of torsional vibration research for a turbo-generator set, analyzed the main causes and types of torsional vibration in a turbo-generator set, and focused on a method for testing the torsional vibration of a turbo-generator shaft system. Kimbark et al. [39,40,41,42] studied how to improve the system stability without the risk of subsynchronous resonance, and analyzed double imbalance experiments. Dome [43] gave a description and mathematical treatment method for obtaining a modulated RF power with good conversion efficiency from the commonly used DC source. The method adopted is to modify the load line of the saturated RF amplifier so as to take care of the positive peak, and to mesh the negative peak of the amplifier. Sajjad et al. [44] analyzed the influence of the protection device on each overvoltage index. It was also found that only considering the amplitude of the transient overvoltage is not enough to ensure the safety of a transformer in a frequent switching inrush current. Isidoro et al. [45,46] provided algorithmic proof of a theorem by D. K. Wagner, according to which every almost-planar graph can be reduced to the graph K3, 3 by some sequence of series/parallel reductions and delta–wye exchanges, such that the reduction sequence is formed by almost-planar graphs.



Taking a 1000 MW turbine generator set as the research object, a system model of the turbine generator set is built based on SIMULINK. The ode23tb algorithm is used to simulate and analyze the faults of the two-phase and three-phase short-circuit at the generator terminals, and the two-phase and three-phase short-circuit at the grid side through the synchronous generator module and the multi-mass steam turbine module based on the flux linkage equation [47]. The transient electromagnetic impact torque and short-circuit current fluctuation under four fault conditions were extracted and analyzed; the analysis results can provide a database corresponding to the short-circuit fault involved in the electrical disturbance in the turbo-generator set [48,49].




2. Solving of Torsional Vibration Natural Frequency of Shafting


The natural frequency analysis of the torsional vibration of the turbo-generator set is the basic content of torsional vibration research in engineering. The Block Lanczos method for solving torsional natural frequency can also meet the needs of practical engineering in terms of accuracy and calculation convergence rate. The research object is decomposed into a multi-stage and multi-degree-of-freedom spring-damping system, and the turbine generator set can be simplified as shown in Figure 1.



Under the premise of the normal operation of the oil system, the friction damping of the turbine generator rotor is very small, and the damping effect can be ignored. The second-order differential equation of dynamics is


   [ M ]   {   U ¨   }  +  [ K ]   { U }  = 0  



(1)







The differential form solution of Formula (18) can be expressed as


   [ K ]  Q =  ω 2  M Q  



(2)







Factorization is performed by the Cholesky method, and is rewritten as


  A Y = v Y  



(3)







Equation (20) can be expressed as    [ K ]  =   DD  T   , where  D  is the lower triangular matrix (  v = 1 ∕  ω 2   ;    A =  D  − 1     MD   − T    ;   Y =  D T  Q  ), converting matrix A to the lower triangular matrix.


   V T  A V B = v  V T  V B  



(4)




where   V B = E  , satisfying    V T  =  V  − 1    , where the matrix    V T  A V = T   is a triangular matrix that can be expressed as


   V T  A V B =  [      a 1     b 1    0           ⋯       0      b 1     a 2     b 2    0                     0    b 2     a 3     b 3    0                                 ⋱                 ⋮                 a  n − 3            b  n − 2      0                       b  n − 2            a  n − 1        b  n − 1        0       …       0         b  n − 1       a n      ]   



(5)







After calculation, the eigenvectors  Q  and eigenvalues    ω 2  = 1 / v   of the characteristic equation shown in Equation (1) correspond to  ω  (natural frequency) and  Q  (vibration mode vector) of the studied elastic system, respectively.



The first three low-order torsional vibrations in practical engineering comprise the main monitoring range. As can be seen from Table 1, the natural frequency of the first-order torsional vibration of the unit is 14.5 Hz, the natural frequency of the second-order torsional vibration is 26.5 Hz, the natural frequency of the third-order torsional vibration is 34 Hz, and the natural frequency of the fourth-order torsional vibration is 61.9 Hz. Therefore, the rotor system precludes the natural frequency of the torsional vibration at the working frequency of 50 Hz, so there is no power frequency resonance.




3. Construction of Electrical Short-Circuit Fault Model


3.1. SIMULINK Electric Short-Circuit System Simulation Model


The most common fault in power systems is a short-circuit. Short-circuits are mainly divided into three-phase short-circuits, two-phase short-circuits, single-phase short-circuits. The probability of a three-phase short-circuit is not high, but it is the most dangerous fault in a power system. The most common fault is a single-phase grounding short-circuit, accounting for about 65–70% of total short-circuit faults. MATLAB is used for modeling and simulation analysis, which avoids the complicated and long programming process, and the simulation results are close to the actual behavior of the system, so this is an ideal tool for power system analysis. It is convenient, practical and flexible, providing an effective research platform for power system researchers. Simulink is attached to MALAB as a tool library, which is a software package for modeling and simulating dynamic system. It provides a block diagram modeling interface for users, which can complete the modeling of continuous systems, discrete systems, and continuous and discrete mixed linear and nonlinear systems. It also supports the simulation and analysis of the dynamic performance of multi-rate systems with multiple sampling rates. MATLAB is an engineering calculator represented by matrix operation. The integrated SIMULINK model library is embedded with the Simscape Component and Specialized Technology module library, which is mainly developed for power system simulation, including an electromechanical system module, a power module, a controller switching library, etc. [50]. The electrical short-circuit fault model of a 1000 MW turbine generator set is built by calling the synchronous generator model and steam turbine model in the Simscape Component calculation library, as shown in Figure 2. The power generation model takes an actual 1000 MW unit as the research object, and builds the overall power system simulation circuit, including the steam turbine, synchronous generator, transformer, and other main modules. The right side is provided with a constant 500 kV AC power supply to simulate the power grid. On the left side, the turbine and generator are coaxial through the series module of steam turbine and synchronous generator, which constitutes the actual power production turbine generator model. The generator output is 27 kV AC, and the transformer module is boosted to the same grid voltage. The line contains two fault points, three-phase fault 1 and three-phase fault 2, which are the short-circuit fault point of the generator terminals and the short-circuit fault point of the line of the power grid, respectively.




3.2. SIMULINK Turbine Generator Unit Model


The model of the 1000 MW turbine generator set is built by the steam turbine module embedded in the SIMULINK Toolbox. The module includes the complete steam turbine system and generator system, and integrates five mass blocks, corresponding to the high-pressure rotor, the medium-pressure rotor, two low-pressure rotors and the generator rotors of the turbine generator set, all connected together through the coupling. Coupling refers to a device that connects two shafts or shafts with rotary parts, which rotates in the transmission from motion into power and which does not disconnect under normal conditions. Sometimes, it is also used as a safety device to prevent the connected parts from being subjected to excessive load, which plays the role of overload protection. Couplings can be divided into rigid couplings and flexible couplings. The five mass blocks are connected by rigid couplings. There is no relative displacement in the radial and axial directions of the two rotors, which is conducive to keeping the rotor center unchanged, as shown in Figure 3.



Several mass blocks are connected by the transfer function, involving boundary parameters including the turbine volume time constant, inter-rotor torque transfer factor, inter-rotor coupling stiffness coefficient and rotor inertia [51]. The simulation input parameter boundary of a 1000 MW unit is given in Table 2.



The short-circuit faults are transiently analyzed, and the factors that do not consider the work of the boiler and the influencing factors of the regulating system are treated as steady-state constants. The transfer mode of work torque between the rotors of each cylinder is shown in Figure 4, in which the output parameters Tt_2-Tt_5 are the torque transfer between the rotors [52].




3.3. SIMULINK Synchronous Generator Model


The load part of the rotor system uses the synchronous machine module embedded in the SIMULINK Toolbox, which considers the dynamic characteristics of stator, excitation and winding damping. The equivalent d-axis and q-axis circuits of the model are shown in Figure 5.



In Figure 5, R and Rs represent the generator rotor and stator, respectively. L and Lm represent leakage inductance and excitation inductance, respectively. f and k represent excitation and damping windings, respectively [53,54]. The synchronous generator model is represented by the sixth-order state space model, and the corresponding equation is


   V d  =  R s   i d  +  d  d t    ϕ d  −  ω R   ϕ q  ;  ϕ d  =  L d   i d  +  L  m d   (   i ′   f d    +   i ′   k d   )  



(6)






   V q  =  R s   i q  +  d  d t    ϕ d  +  ω R   ϕ q  ;  ϕ q  =  L d   i d  +  L  m d     i ′   k q     



(7)






    V ′   f d   =   R ′   f d     i ′   f d   +  d  d t     ϕ ′   f d   ;   ϕ ′   f d   =   L ′   f d     i ′   k d   +  L  m d   (  i d   +   i ′   k d   )  



(8)






    V ′   k d   =   R ′   k d     i ′   k d   +  d  d t     ϕ ′   k d   ;   ϕ ′   k d   =   L ′   f d     i ′   k d   +  L  m d   (  i d   +   i ′   f d   )  



(9)






    V ′   k q 1   =   R ′   k q 1     i ′   k q 1   +  d  d t     ϕ ′   k d 1   ;   ϕ ′   k q 1   =   L ′   k q 1     i ′   k q 1   +  L  m q    i q    



(10)






    V ′   k q 2   =   R ′   k q 2     i ′   k q 2   +  d  d t     ϕ ′   k q 2   ;   ϕ ′   k q 2   =   L ′   k q 2     i ′   k q 2   +  L  m q    i q    



(11)







The basic equation of the synchronous generator can be expressed as


   [     V a       V b       V c      −  V f      0     0    ]  =  [       ψ a           ψ b           ψ f           ψ d         ψ q   ⋅     ⋅     ⋅     ⋅     ⋅   ]  −  [     R   0   0   0   0   0     0   R   0   0   0   0     0   0   R   0   0   0     0   0   0     R f     0   0     0   0   0   0     R d     0     0   0   0   0   0     R q       ]  ⋅  [     i a       i b       i c       i f       i d       i q     ]   



(12)







In Equation (12), Va, Vb and Vc are the voltage of the three-phase winding generator, Vf is the voltage of excitation winding, and i is the resistance of each phase of the three-phase winding of stator a, b, c.  ψ  is the total magnetic chain of each phase winding,     ψ ˙  x    is the derivative of the above magnetic chain to time, and the flux equation corresponding to the synchronous generator can be expressed as


    [     ψ a       ψ b       ψ c       ψ f       ψ d       ψ q     ]  =  [      L  a a        L  a b        L  a c        L  a f        L  a d        L  a q          L  b a        L  b b        L  b c        L  b f        L  b d        L  b q          L  c a        L  c b        L  c c        L  c f        L  c d        L  c q          L  f a        L  f b        L  f c        L  f f        L  f d        L  f q          L  d a        L  d b        L  d c        L  d f        L  d d        L  d q          L  q a        L  q b        L  q c        L  q f        L  q d        L  q q        ]  ⋅  [      i a       i b       i c       i f       i d       i q      ]   



(13)







In Equation (13), Laa, Lbb and Lcc denote each phase of the self-inductance coefficient, and Lac, Lab and Lfd are the interphase and axial mutual inductance coefficients. In the actual situation, the spatial position between the stator winding and the magnetic field is always undergoing dynamic change, and the self-inductance and mutual inductance of the stator winding are also constantly changing. By using Park transformation and a per-unit system, it is determined that the synchronous speed is 1, and the basic equation of the synchronous generator is equivalent to the following equation:


   V d  =   ψ ˙  d  +  ψ d  − R  i d   



(14)






   V q  = −   ψ ˙  q  +  ψ d  − R  i d   



(15)






   V f  =   ψ ˙  f  +  R f   i f   



(16)






    ψ ˙  d  +  R d   i d  =   ψ ˙  q  +  R q   i q  = 0  



(17)






   ψ d  = −  x d   i d  +  x  a d    i f  +  x  a d    i d   



(18)






   ψ q  =  x q   i d  +  x  a d    i q   



(19)






   ψ f  = −  x  a d    i d  +  x f   i f  +  x  a d    i d   



(20)






   ψ d  = −  x  a d    i d  +  x  a d    i f  +  x d   i d   



(21)






   ψ q  =  x  a d    i q  +  x q   i q   



(22)







In Equations (14)–(22), xad represents the d-axis armature reaction reactance. Rx represents the corresponding parameters for the rotor. Based on the above theoretical consideration, this synchronous model is used to simulate the QFSN-1000-2 generator, and the corresponding boundary parameters are shown in Table 3.





4. Electrical Short-Circuit Fault Simulation Analysis


4.1. Simulation Analysis of Generator Terminals Two-Phase Short-Circuit


The generator outlet short-circuit fault is realized by the three-phase fault module in the SIMULINK Toolbox, and the position is shown in Figure 1. The generator terminals short-circuit fault 1. The generator is set to impart 80% load before the fault occurs, and the system’s simulation time domain is 2 s. The short-circuit fault between phases A and B occurs at 0.2 s, and it is removed at 0.25 s. The short-circuit time is 0.05 s. The algorithm ode23tb is used to solve the unit value of electromagnetic torque, fault current and velocity difference at the connection of the low-voltage generator under the transient fault, as shown in Figure 6 [55,56].



Figure 6a shows that the transient electromagnetic torque of the generator undergoing a short-circuit fault is about 7 times that under stable conditions, and the short-circuit current of the fault phase circuit also changes instantaneously, as shown in Figure 6b. In the fault time domain, speed fluctuation appears at the connection between the low-voltage rotor and the generator rotor, and the speed oscillation reaches its maximum value at the moment of fault removal, as shown in Figure 6c.



Since the impulse excitation obtained by the SIMULINK simulation is a per unit value, it is not beneficial to the subsequent quantitative analysis of transient dynamics. The nominal values of torque and current calculated by the simplified load flow module in the SIMULINK Power GUI module are shown in Table 4 [57]. The calculation of the given reference parameters shows that the maximum value of transient alternating electromagnetic torque generated by a two-phase short-circuit reaches 2.14 × 107 Nm.




4.2. Simulation Analysis of Generator Terminal’s Three-Phase Short-Circuit


The position of the three-phase short-circuit at the generator terminals is the same as that of the two-phase short-circuit. The short-circuit fault form is changed to the three-phase short-circuit at the generator terminals, and the cut-off time remains unchanged. Similarly, the ode23tb algorithm is used to solve the transient electromagnetic and short-circuit fault current of the generator, as shown in Figure 7.



For example, in Figure 7a,b (in contrast to Figure 6a,b), there is a visible generator terminal three-phase short-circuit transient current impulse, the value of which is greater than the two-phase short-circuit, but the transient electromagnetic torque is less than the generator terminal’s two-phase short-circuit. Compared with the generator two-phase short-circuit, the low-frequency oscillation duration of the electromagnetic torque after the three-phase short-circuit fault is removed is longer, and the frequency of the transient alternating electromagnetic impact torque is lower than that of the two-phase short-circuit. Figure 7c shows that the transient fluctuation in the speed difference between the low-voltage rotor and the generator is greater than that of the two-phase short-circuit fault at the generator terminals. The maximum transient speed fluctuation is 39 rpm, and after the fault is removed, the speed fluctuation cannot immediately return to the steady state.




4.3. Simulation Analysis of Two-Phase Short-Circuit on the Power Grid Side


After the short-circuit fault position is moved to the transformer, the line resistance is ignored to simulate the short-circuit fault of the power grid near the generator.



In order to control the boundary variables, the boundary setting of the grid-side short-circuit fault module is consistent with the above setting, and the cut-off time and simulation algorithm are consistent. The transient electromagnetic impact torque and fault current fluctuation under grid-side short-circuit fault conditions are obtained as shown in Figure 8.



Combined with the simulation results of the generator terminal’s short-circuit fault, in Figure 8a, the transient electromagnetic impact torque of the grid-side two-phase short-circuit is lower than that of the generator terminal’s two-phase short-circuit by 43.7%, and the maximum forward transient impact generated during the period is as much as 1.35 × 107 N∙m. The amplitude of the power grid fluctuation is greater than that of the generator terminal’s short-circuit, and the duration is longer. The fault impulse current is much larger than the generator terminal’s two-phase short-circuit, as shown in Figure 8b.



Figure 8c shows that the speed fluctuation frequency of the connection between the low-voltage rotor and the generator is higher than that of the generator terminal’s short-circuit fault, but the transient speed difference is less than that of the generator terminal’s short-circuit fault, and the maximum fluctuation is below 30 rpm.




4.4. Simulation Analysis of Three-Phase Short-Circuit on the Power Grid Side


The grid-side short-circuit fault variable is changed to a three-phase short-circuit, while the fault cutting time and ode23tb solver are unchanged. The transient electromagnetic impact torque and short-circuit fault current of the generator are obtained as shown in Figure 9.



As shown in Figure 9a,b, the electromagnetic transient impact torque of the three-phase short-circuit fault on the grid side is less than that of the two-phase short-circuit fault on the grid side, so the amplitude of the transient electromagnetic torque fluctuation generated at the lifting time is greater than that of the two-phase short-circuit fault on the grid side. The subsequent attenuation disturbance time is longer than the generator terminal’s short-circuit fault time.



Figure 9c shows that the speed fluctuation between the low-voltage rotor and the generator rotor after the fault shock is the most severe of the four short-circuit faults, which is twice as large as the two-phase short-circuit on the grid side. The fluctuation frequency is similar to the previous fault, and cannot immediately return to the steady state; the maximum transient speed fluctuation is more than 60 rpm.





5. Analysis of Short-Circuit Fault Simulation Data


5.1. Electromagnetic Torque Analysis of Short-Circuit Fault


The simulation results for the above four short-circuit faults are shown in Figure 10, for the maximum transient electromagnetic alternating torque.



It can be seen that the transient electromagnetic alternating impact caused by a two-phase short-circuit fault at the generator terminals is the largest. The transient alternating impact value of the three-phase short-circuit fault on the grid side is the smallest. The transient electromagnetic alternating impact caused by generator terminal short-circuit is greater than the short-circuit fault in the power grid. At the same fault location, the transient electromagnetic impact torque caused by the two-phase short-circuit is greater than that caused by a three-phase short-circuit.



We extracted four short-circuit fault time domains’ (0.2–0.25 s) alternating torque frequencies; as shown in Table 5, the frequency fluctuation range is about 50 Hz (power frequency). In the short-circuit fault analyzed above, the frequency of the transient electromagnetic impact torque precludes the natural frequency of the torsional vibration of shafting. Therefore, in the excitation time domain of four short-circuit faults, the resonance of the torsional vibration of shafting will not occur. After the short-circuit impact fault, the system still needs a period of small-amplitude alternating torque fluctuation to return to the steady state. After the fault is removed, the residual torque fluctuation in the system affects shaft excitation.




5.2. Short-Circuit Fault Current Analysis


The maximum values of the four kinds of fault current impulse are extracted, and a curve is drawn, as shown in Figure 11.



The impact current generated by a three-phase short-circuit at different fault locations is greater than that of a two-phase short-circuit, and the impact current generated by the grid’s short-circuit fault is much larger than the impact current generated by the generator terminal’s short-circuit fault. A short-circuit fault occurring near the mechanical power grid has a more severe impact on the power grid than the generator terminal’s short-circuit fault.




5.3. Analysis of Speed Difference at a Low-Frequency Connection of the Short-Circuit Fault


The simulation results of the speed difference between the low-voltage rotor and the generator rotor show that the transient speed difference caused by the three-phase short-circuit on the grid side is the largest, and the transient extremum fluctuation is 74.8 rpm. In contrast, the speed fluctuation caused by the two-phase short-circuit on the grid side is the smallest, and the transient extreme fluctuation is 20 rpm. The velocity fluctuation under the above four short-circuit fault conditions is shown in Table 6, and the corresponding velocity fluctuation curve is shown in Figure 12.



Of the four short-circuit fault conditions affecting the speed fluctuation, the positive speed fluctuation and transient speed difference generated by the grid-side three-phase short-circuit are the largest. The difference between the speed fluctuations caused by the two-phase short-circuit on the grid side and the transient speed is the smallest.





6. Conclusions


Taking a 1000 MW turbo-generator unit as the research object, a system model of a 1000 MW turbo-generator unit based on MATLAB/SIMULINK is built. The ode23tb algorithm is used to simulate and analyze the faults of two-phase and three-phase short-circuits at generator terminals, and two-phase and three-phase short-circuits at the grid side through the synchronous generator module and the multi-mass steam turbine module based on flux linkage equation. The transient electromagnetic impact torque and short-circuit current fluctuation under four fault conditions are extracted and analyzed; the simulation results are close to the actual behavior of the system, providing a database for subsequent research and a reference for fault diagnosis for practical engineering.



	
In terms of the transient electromagnetic torque impact value, the two-phase short-circuit fault of the generator terminals was the largest, the three-phase short-circuit fault of the grid side was the smallest, and the electromagnetic torque impact value of the generator terminals under fault was greater than that of the grid side. The transient electromagnetic impact torque caused by a two-phase short-circuit at the same fault point was greater than that caused by a three-phase short-circuit;



	
The transient impulse current under three-phase short-circuit at any fault point is greater than that under two-phase short-circuit. The impact current of a grid-side short-circuit fault is much larger than the generator terminals’ short-circuit fault. The speed fluctuation between rotors and the fluctuation difference caused by the three-phase short-circuit on the grid side are the largest;



	
Four kinds of fault with transient electromagnetic force alternating frequencies, excluding the natural frequency of the unit shaft torsional vibration, will not give rise to short-circuit fault time domain shaft torsional resonance. However, the potential impact of the residual small fluctuation of torque in the rotor system after the fault is removed needs further analysis.
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Figure 1. Turbo-generator with multiple degrees of freedom system. 
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Figure 2. Short-circuit fault simulation circuit system. 
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Figure 3. Turbo-generator simulation module. 
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Figure 4. Power transmission mode of each rotor of turbo-generator. 
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Figure 5. Synchronous generator model equivalent circuit diagram. 
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Figure 6. Characteristic curve of generator terminal’s two-phase short-circuit fault. 
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Figure 7. Characteristic curve of generator terminal’s three-phase short-circuit fault. 
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Figure 8. Characteristic curve of two-phase short circuit fault. 
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Figure 9. Characteristic curve of three-phase short circuit fault. 
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Figure 10. Maximum alternating electromagnetic impulse torque under different short-circfaults. 
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Figure 11. Maximum impulse current under different short-circuit faults. 
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Figure 12. Speed deviation of steam turbine and generator under different short-circuit faults. 
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Table 1. The solution result of torsional vibration natural frequency.
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	Order
	1
	2
	3
	4





	Frequency
	14.5 Hz
	22.3 Hz
	34.0 Hz
	61.9 Hz
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Table 2. Input parameters of steam turbine simulation module.
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	Parameter
	HP
	IP
	LP1
	LP2





	Volume time constant
	0.3
	15
	0.4
	0.4



	Connection torque factor
	0.3
	0.4
	0.15
	0.15



	Connection stiffness coefficient
	48.9
	39.3
	36
	15.8



	Moment of inertia × 103(kg/m2)
	16.5
	20.8
	7.52
	7.52



	Torsional rigidity × 108(Nm/rad)
	2.205
	1.828
	1.54
	1.307
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Table 3. TQFSN-1000-2 synchronous generator module’s input parameters.
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	Name
	Parameter
	Name
	Parameter





	Nominal power
	1112 MVA
	Cross-axis ultra-transient reactance
	20.1%



	Direct axis synchronous reactance
	261%
	The transient time constant of straight axis short-circuit
	0.842%



	Direct axis transient reactance
	23.8%
	Subtransient time constant of straight-axis short-circuit
	0.030 s



	Axial subtransient reactance
	18.2%
	Transient time constant of cross-axis open circuit
	2.5 s



	AC synchronous reactance
	248%
	Subtransient time constant of open circuit
	0.2 s



	AC transient reactance
	64.1%
	Cross-axis

stator resistance
	1.08 × 10−3 Ω/ph
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Table 4. Known value under 80% load of generator.
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	Parameters
	A-Phase Current
	B-Phase Current
	C-Phase Current
	Current Torque
	Power





	Numerical value
	21192 A rms
	21192 A rms
	21192 A rms
	2.956 × 106 Nm
	9.9 × 108 W










[image: Table] 





Table 5. Known value under 80% load of generator.
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	Fault
	Two-Phase Short-Circuit on the Grid Side
	Three-Phase Short-Circuit on the Grid Side
	Two-Phase Short-Circuit at Generator Terminals
	Three-Phase Short-Circuit at Generator Terminals





	Frequency of alternating electromagnetic force (Hz)
	51
	49
	49.5
	48










[image: Table] 





Table 6. Known value under 80% load of generator.






Table 6. Known value under 80% load of generator.





	Fault
	Two-Phase Short-Circuit on the Grid Side
	Three-Phase Short-Circuit on the Grid Side
	Two-Phase Short-Circuit at Generator Terminals
	Three-Phase Short-Circuit at Generator Terminals





	Maximum forward speed variable (rpm)
	20.1
	74.8
	31.2
	41.7



	Maximum negative speed variable (rpm)
	22.3
	87.0
	46.2
	37.6



	Extreme speed difference (rpm)
	22.2
	90.3
	47.9
	48.0
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Rotor angle deviation

Rotor speed wn

Rotor speed deviation dw

Electromagnetic torque Te

powergul

dw HP

aala s

ow P

dwLP1

T4 (HP-IP) [pu]

| 8

T3 (PLPY) pu]

T2 (LP1-LP2) [pu}

T

T LP2-Gen) [pu]

<§“ hree-Phase Fault 1

<§ Three-Phase Fault 2

d: WD+

500kV 3333MVA

[T X 1 ¥ 1 :
'39 P :
jpvesrin e

Vabe_B500 (PU)

Vabc B22 (A)

I_Fault (A)






media/file30.png
Speed (RPM)

3074.8 —fil— Maximum transient speed

——@—— Minimum transient speed

90.3 22.2 48.0 47.9

13

T T T T
Three phase short circuit Two phase short circuit Three phase short circuit Two phase short circuit at
on the gnd side on the grid side at generator outlet generator outlet





media/file21.jpg
— Electomagnetc o To (PU)

(a) Transient electromagnetic impact torque of grid-side three-phase short-circuit.





media/file13.png
| | | | | | | | |
8l ——Electromagnetic torque Te (P.U)

agnetic torque Te (P.U)
N
T

Electrom

|
n
|

= =3 1 | 1 | 1 L | | 1

0 02 04 06 08 1 12 14 16 18
Time (s)

(a) Transient electromagnetic impact torque of generator outlet two-phase short-circuit.





media/file26.png
Torque( N-m)

——Maximum forward torque
——@—Maximum nagative torque

2.40203x107

1.73722x107
1.35069x107

1.08916x107

2.87x107 3.40x107

1.87x107 2.30x107

—7.79841x106
—9.44947x10° —1.14036x107
—1.56132x107

Three phase short circuit Two phase short circuit Three phase short circuit Two phase short circuit at
on the grid side on the grid side at generator outlet generator outlet





media/file27.jpg
‘Shortcircult curtent (Arms)

1512107

1.25x107
7.9x105 7.3x10°





media/file12.jpg
111
iff

L UVY

(b) Two-phase short-circuit fault current at generator terminals.






media/file3.jpg





media/file18.jpg
(¢) Speed difference of two-phase short-circuit in a low generator connection on the
power grid side.





media/file7.jpg
e sl 1
05s+1
10}# HP P LPI LP2

Pooler






media/file28.png
Short-circuit current (Arms)

1.51x107

el
1.25x%x107
7.9%x105 7.3x105
il
L) L L] K3 —
Three phase short circuit Two phase short circuit Three phase short circuit Two phase short circuit at
on the grid side on the grid side at generator outiet generator outlet





media/file23.png
Electromagnetic torque Te (P.U)

| | | | | | =
——Electromagnetic torque Te (P.U)

l | | | | | =]

02

04

08 1 12 14 16 18 2
Time (s)

(a) Transient electromagnetic impact torque of grid-side three-phase short-circuit.





media/file10.png
+ Rs (DR(D d L.
(00000

L mq

I

(b)Equivalent d-axis circuit diagram.





media/file19.png
5 T T [ T T T T T T
——Electromagnetic torque Te (P.U)
4 — —
3 -
S
Q2 =
(-5}
[t
o
3
g <
S
o
:
g1 -
-2 —
_3 — —
| | | | | | | | |
0 02 04 06 08 1 12 14 16 18 2

Time (s)

(a) Transient electromagnetic impact torque of grid-side two-phase short-circuit.

<107

1 1 I 1 I 1 |

—A Fault
1+ —B Fault -
——C Fault

Curment (P.U)
(=]

I | L 1 I 1 |
0.16 0.18 02 0.22 0.24 0.26 0.28
Time (s)

(b) Two-phase short-circuit fault current on grid side.





media/file14.png
T T T T T T T T
—A Fault
~ ——B Fault -
——C Fault
4 and
Zm —
S
L
£ 0
g
- |
O
-2F -
-4 - —
_6 — _—
| | | | ! | | |
0.18 02 022 0.24 026 028 03 0.32
Time (s)

(b) Two-phase short-circuit fault current at generator terminals.

ot oo kLo |
‘Nﬂ'" w w W N'M'h 'N w Wy N'M M'N

Time (s)

(c) Speed difference at the connection of the two-phase short-circuit and the low generator ter-
minals.





media/file11.jpg
T ——)

(a) Transient electromagnetic impact torque of generator outlet two-phase short-circuit.






media/file6.png
ol wn || [l L‘W‘l mtr‘]u u‘[l;‘l]\ m{l’muuﬁi

o e
= @ ro

Mass S  Mass4  Mass 3 Mass 2 Mass 1

Steam Turbine





media/file15.jpg
(o) Transint clctomagnetc mpact torgueof enerstor ot e phaseshot s

) Thres.phase shotcirut st urent t generstor erminas

) Sposd difrence ot the connection of thethee phse short it and the o genertor
o s





nav.xhtml


  applsci-11-09205


  
    		
      applsci-11-09205
    


  




  





media/file16.png
| T T T | | [ T
——Electromagnetic torque Te (P.U) |

W
1

|
|

1 | | l | 1 | | |
0 02 04 06 08 1 12 14 16 18 2
Time (s)

(a) Transient electromagnetic impact torque of generator outlet three-phase short-circuit.

<10
i T T T T T —3

—A Fault
L —B Fault |
i ~—C Fault
41 —
" -
S
o
£ 0
£
o
_.2 — p—
—a4 —
_6 — —
' i 1 I I I I .
0.15 02 0.25 03 0.35 04
Time (s)
(b) Three-phase short-circuit fault current at generator terminals.
aos - T T T T T T T T T
— GEN
~— LP Rotor

0.02 |- =

=]

o

=
I

1 | 1 1 | | | | |
0 02 04 06 08 1 12 14 16 18 2
Time (s)

(c) Speed difference at the connection of the three-phase short-circuit and the low generator
terminals.





media/file2.png
M1

HP

k12 M2 k23 M3 k34 M4 k45 M5
kM 1P b ALP K BLP Ed GEN
D~ D D D~

D12 D23 D34 D45






media/file20.png
1 I 1 i 1 | | 1 I Bl
—— GEN
—LP Rotor

0.02 I~ -1

-

=]
o
=
¢

’l”H”U”UnUpLPprLr"l"'1“'l,"l'c'ogl'.,l','l"'t"'A,"A,¢'

peed deviation (P.U)
o

—

Rotor s
&
2
1

-002 e

1 1 1 | 1 | 1 | |
0 02 04 06 08 1 12 14 16 18 2
Time (s)

(c) Speed difference of two-phase short-circuit in a low generator connection on the
power grid side.
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(b) Three-phase short-circuit fault current on grid side.
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(c) Speed ditference of three-phase short-circuit low generator connection on power grid side
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(b)Equivalent d-axis circuit diagram.
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(b) Three-phase short-circuit fault current on grid side.
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(€) Speed difference of three-phase short-circuit low generator connection on power grid side
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(a) Transient electromagnetic impact torque of grid-side two-phase short-circuit.

(b) Two-phase short-circuit fault current on grid side.





