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Abstract

:

In electrical machinery, the rotor windings’ internal short-circuit faults are addressed by the instantaneous over-current protection of the power electronic excitation device, which has low sensitivity and has difficulty meeting the safety requirements. In this paper, a rotor windings’ internal short-circuit fault protection method is proposed based on the harmonic characteristics of the circulating current between stator branches. The magnetomotive force distribution of the short-circuit coils in the rotor windings is theoretically deduced, and the characteristic frequencies of the circulating current between stator branches are analyzed. On this basis, the protection criterion of the rotor windings’ internal short-circuit fault is constructed by using the harmonic component of the circulating current. Then, an analytic model of the variable-speed pumped storage unit is established based on the multi-loop method, and the finite element method is used to verify the correctness of the proposed modeling method. An actual large variable-speed pumped storage unit is taken as an example, and the possible faults under different slip ratios are simulated. In the simulation results, the stator branch circulation has the obvious characteristic frequency harmonic components, which is consistent with the theoretical analysis. It verifies the effectiveness of the proposed protection method. Finally, it is analyzed and verified that the proposed protection has a strong maloperation prevention ability under other kinds of faults.
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1. Introduction


New power systems with renewable energy as the main body have the problem of large random fluctuations of power generation; thus, they have a huge demand for energy storage devices represented by pumped storage. The variable-speed pumped storage unit is different from the traditional constant-speed pumped storage unit, which can be used not only for planned peak regulation but also for dynamic peak regulation with system power fluctuation. It will be an important device for future power systems.



Variable-speed pumped storage units adopt a doubly fed AC excitation structure, which has the characteristics of variable rotor speed, multi-branch rotor winding structure, and dense distribution of rotor windings [1]. Under high-speed operation conditions, the probability of internal short-circuit faults of the rotor windings is high; not only inter-turn short-circuit faults, but inter-phase short-circuit faults may occur. It will cause an unbalanced force on the rotor, partial overheating, and severe vibration of the unit [2,3]. If left unchecked, it may evolve into serious faults such as large-scale short circuits and rotor core damage [4]. However, AC excitation system protection of variable-speed pumped-storage units is also used as the rotor windings’ internal short-circuit fault protection in engineering, which lacks pertinence and has low sensitivity. Only a few short-circuit faults with large phase currents can be covered, which is difficult to sensitively reflect the inter-turn short-circuit faults with weak fault characteristics. Therefore, special protection should be provided to detect the fault in the early stage and avoid causing significant economic losses [5].



At present, there have been several studies [6,7,8] on the internal short-circuit fault of synchronous generators. There are two kinds of methods based on non-electrical quantities and electrical quantities. The methods based on non-electrical quantities mainly include the vibration signal analysis method [9] and temperature measurement method [10]. Those based on the electrical quantities mainly include the detection coil-based method [11,12,13], recurrent surge oscillography method [14,15], flux linkage difference vector-based method [16], machine learning method [17,18,19] and circulating current between stator branches-based method [20,21]. The essence of the circulating current between stator branches-based method is to use the stator windings as the detection coil to monitor the distorted air-gap magnetic field caused by the rotor windings’ internal short-circuit faults. This has the advantage of no additional equipment installation.



However, the rotor winding of a variable speed pumped storage unit is in the form of three-phase AC excitation, while the excitation circuit of the conventional synchronous unit is single-phase DC excitation, which is completely different. When an internal short-circuit fault of a rotor winding occurs, the fault type and characteristics of variable-speed units are more complex and are completely different from those of a synchronous speed unit, which makes the existing inter-turn short-circuit protection of the excitation circuit no longer applicable. Variable-speed pumping storage units and doubly fed wind generators both use doubly fed AC excitation [22]. In [23], two measuring coils are used to obtain the magnetic field difference value. The short-circuited fault of the rotor windings is detected by analyzing the induced voltage difference of the measuring coils. In [24], the variation law of the flux linkage difference vector before and after the short-circuit fault of rotor windings is analyzed, then the inter-turn short-circuit fault can be easily identified. In [25,26], the armature reaction mechanism of the air gap magnetic field is studied when the rotor windings of a doubly fed wind generator are short-circuited, and the characteristic frequencies of the electrical quantities on the stator side are summarized. In [27], the low-frequency band component of the circulating current between stator branches is extracted to determine whether a rotor windings’ internal short-circuit fault occurs; but, the sensitivity and maloperation prevention ability of the proposed protection are not analyzed. However, the capacity and winding structure of variable-speed pumped storage units are quite different from those of the doubly fed wind generator. It is necessary to carry out further research based on the characteristics of variable-speed pumped storage units. In Japan and Germany, a small number of variable-speed pumped storage units have been put into commercial operation. These units do not specially configure the rotor winding short-circuit fault protection, but use the instantaneous over-current protection of the converter (power electronic excitation device) as the rotor winding short-circuit fault protection. This lacks pertinence and cannot reflect some rotor winding short-circuit faults with weak fault characteristics.



A rotor windings’ internal short-circuit fault protection method for variable-speed pumped storage units is proposed in this paper. Through the derivation of the magnetomotive force generated by the short-circuited coil, it is found that the circulating current between stator branches will produce characteristic harmonic components related to the slip ratio and pole-pairs number when a rotor winding is short-circuited. On this basis, a protection method for the rotor windings’ internal short-circuit fault is proposed by using the harmonic characteristics. A practical variable-speed pumped storage unit is taken as an example to verify the proposed protection method. Simulation results show that the method has strong practicability at different rotor speeds and has strong maloperation prevention ability under other kinds of faults.




2. The Harmonic Circulating Current between Stator Branches-Based Protection Method


When the variable-speed pumped storage unit is in normal operation, the magnetomotive force of a single coil is a rectangular wave that can be decomposed into the superposition of multiple fractional and integer harmonic (including the fundamental wave) magnetomotive forces. However, for the whole branch of stator and rotor windings, the fractional and low-order harmonic (excluding fundamental wave) magnetomotive force components of each coil in the branch offset each other, and the total magnetomotive force of the branch exhibits the fundamental wave characteristic. Therefore, the current flowing through the single-turn rotor coil only contains the fundamental frequency component during normal operation, which can be denoted as    i r  =  I r  cos  ω r  t  .    ω r    is the electric angular frequency of the rotor.



After a short-circuit fault occurs in rotor windings, a large short-circuit current flows through the short-circuit coils, which can be recorded as    i f  =  I f  cos  (   ω r  t  )   . According to Fourier series decomposition, the magnetomotive force of the short-circuit coils can be decomposed into:


      F  (  θ , t  )      =   ∑ k     2 N  I f    k π P    k  f k   cos  (  k θ  )  cos  (   ω r  t  )         =   ∑ k     N  I f    k π P    k  f k   cos  (  k θ ±  ω r  t  )       



(1)






  k =  1 P  ,  2 P  ,  3 P  , …  



(2)




where N is the turn number of short-circuit winding,    k  f k     is the harmonic winding factor of the short-circuit winding,  θ  is the space electrical angle of the rotor, P is the number of pole pairs, and k is the harmonic order.



Assuming that  φ  represents the stator space electrical angle, then:


  φ = θ −   1 − s  s   ω r  t  



(3)




where s is the slip ratio. Since there is a relationship between the electric angular frequency of stator and rotor:    ω r  = s  ω s   , where    ω s    is the stator electric angular frequency. Then, Equation (3) can be expressed as:


  φ = θ − ( 1 − s )  ω s  t  



(4)







Substituting Equation (4) into Equation (1), the magnetomotive force of the short-circuit coils can be expressed in the stator space electric angle as:


  F ( φ , t ) =   ∑  k    N  I f    k π P    k  f κ   cos ( k φ + k ( 1 − s )  ω s  t   ±   s  ω s  t )  



(5)







According to Equation (5), the characteristic frequency of the induced potential corresponding to the harmonic magnetic field with order k is:


   f k  =  [  k ( 1 − s ) ± s  ]   f s          k =  1 P  ,  2 P  , …  



(6)




where fs is the fundamental wave frequency of the stator side, equal to 50 Hz.



The fractional and integer harmonic magnetic fields generated by the short-circuit current are known. For the integer harmonic magnetic field, k = 1, 2..., since the amplitude and phase of the overall induced potential of each stator in-phase branch are equal, there will be no circulating current between the stator branches. For the fractional harmonic magnetic fields, k = 1/P…, (P − 1)/P, (P + 1)/P, … since the different phases of the overall induced potential of each stator in-phase branch, the circulating current will be generated between the stator branches. The theoretical characteristic frequency of the circulating current is:


   f k  =  [  k ( 1 − s ) ± s  ]   f s          k =  1 P  ,  2 P  , …   k ≠ 1 , 2 , …  



(7)







The circulating current can be measured directly by the split-phase transverse differential protection without additional installation of a measurement device.



When an internal short-circuit fault occurs in rotor windings, the circulating current between stator branches has the characteristic harmonic frequency as shown in Equation (7). Therefore, the protection criterion for rotor windings’ internal short-circuit faults can be designed as follows:


       I  o p   = max  (      ∑   f k      I  A .  f k   2      ,     ∑   f k      I  B .  f k   2      ,     ∑   f k      I  C .  f k   2       )  >  I  s e t          f k  =  [  k ( 1 − s ) ± s  ]   f s        k =  1 P  , …   P − 1  P  ,   P + 1  P  , …   2 P − 1  P       



(8)




where    I  s e t     is the protection setting value,    I  o p     is the protection action value, which represents the comprehensive effective value of characteristic harmonics. The greater the calculated value of    I  o p     is, the more serious the corresponding fault is.    I  A .  f k     ,    I  B .  f k      and    I  C .  f k      are the amplitudes corresponding to characteristic frequency fk of the circulating current of phase A, phase B, and phase C transformed by FFT respectively.



Due to the large measurement error of electromagnetic current transformers for low-frequency current, only the characteristic frequency greater than 5 Hz is selected in Equation (8). In addition, the frequency resolution of FFT transformation results is limited, so it is impossible to obtain exactly    I  A .  f k     ,    I  B .  f k      and    I  C .  f k      corresponding to the characteristic frequency fk. Therefore, the larger amplitude values on both sides of fk in FFT transformation results should be selected as    I  A .  f k     ,    I  B .  f k      and    I  C .  f k      for calculation. This processing method can also overcome the adverse effect of slight rotational speed measurement error.



When the unit is in normal operation, the split-phase transverse differential current (circulating current between stator branches) is obtained by the difference of two current transformers with the same type, which contains a weak unbalanced current, and the unbalanced current only contains the fundamental frequency component. Therefore, the protection setting value    I  s e t     can be set very small. In Section 3 and Section 4, the actual variable-speed pumped storage unit mentioned above is taken as an example; the proposed protection method simulated to verify the effectiveness when rotor windings’ internal short-circuit fault occurs and the maloperation prevention ability when other kinds of faults occur will be discussed.




3. Model of the Variable-Speed Pumped Storage Unit


At present, the main method to analyze the fault characteristics of variable-speed pumped storage units is simulation analysis. It is difficult to use an actual unit for short-circuit tests directly because of the huge capacity and high cost of variable-speed pumped storage units. The economic loss of the real machine destructive test is unbearable. In addition, the small capacity doubly fed wind generator cannot be used to replace variable-speed pumped storage units in the tests. The main reason is that the rotor windings of the variable-speed pumped storage unit are a structure with multi-branches, while the rotor windings of doubly fed wind generators are a structure with a single branch. Additionally, field tests of the doubly fed wind generator have difficulty in accurately reflecting the fault characteristics of a variable-speed pumped storage unit.



In this paper, the multi-loop modeling method is used to simulate the variable-speed pumped storage unit. This modeling method has been successfully applied to large hydraulic generators and steam generators and has been verified by practical application [28,29,30,31]. In recent years, this modeling method has also been used to analyze the internal fault characteristics of variable-speed pumped storage units and verified by dynamic simulation tests [32]. This paper is mainly concerned with the protection of rotor windings from internal short-circuit faults. Therefore, the following is only a brief description of the modeling process. Since the modeling details are lengthy, the authors have written another article to explain.



Both the stator and rotor of a variable-speed pumped storage unit are of the winding form. The branches of a stator and rotor can be equivalent to the series connection of inductance and resistance, as shown in Figure 1. In the figure, m and n are the numbers of branches per phase of the stator and rotor windings, i and u are the branch current and voltage, respectively, and the upper corner symbols s and r represent the electrical quantities of stator and rotor sides, respectively.



The voltage equations of each branch are:


  p  [        ψ   s           ψ   r        ]  +  [        R   s      0     0      R   r        ]   [        I   s           I   r        ]  =  [        U   s           U   r        ]   



(9)






   {            ψ   s   =   [  ψ  a 1  s  ,  ψ  a 2  s  , ⋯  ψ  a m  s  ,  ψ  b 1  s  ,  ψ  b 2  s  , ⋯  ψ  b m  s  ,  ψ  c 1  s  ,  ψ  c 2  s  , ⋯  ψ  c m  s  ]  T          ψ   r   =   [  ψ  a 1  r  ,  ψ  a 2  r  , ⋯  ψ  a n  r  ,  ψ  b 1  r  ,  ψ  b 2  r  , ⋯  ψ  b n  r  ,  ψ  c 1  r  ,  ψ  c 2  r  , ⋯  ψ  c n  r  ]  T          I   s   =   [  i  a 1  s  ,  i  a 2  s  , ⋯  i  a m  s  ,  i  b 1  s  ,  i  b 2  s  , ⋯  i  b m  s  ,  i  c 1  s  ,  i  c 2  s  , ⋯  i  c m  s  ]  T              I   r   =   [  i  a 1  r  ,  i  a 2  r  , ⋯  i  a n  r  ,  i  b 1  r  ,  i  b 2  r  , ⋯  i  b n  r  ,  i  c 1  r  ,  i  c 2  r  , ⋯  i  c n  r  ]  T          U   s   =   [    -  u a s  , ⋯ -  u a s   ⏞  m  ,    -  u b s  , ⋯ -  u b s   ⏞  m  ,    -  u c s  , ⋯ -  u c s   ⏞  m  ]  T              U   r   =   [    -  u a r  , ⋯ -  u a r   ⏞  n  ,    -  u b r  , ⋯ -  u b r   ⏞  n  ,    -  u c r  , ⋯ -  u c r   ⏞  n  ]  T          R   s   =  diag   (      R s  ,  R s  , … ,  R s   ⏞   3 m   )         R   r   =  diag   (      R r  ,  R r  , … ,  R r   ⏞   3 n   )            



(10)




where p is a differential operator, Us and Ur are the branch voltage matrices of stator and rotor, respectively, Is and Ir are the branch current matrices of stator and rotor, respectively, Rs and Rr are the branch resistance matrices of stator and rotor, respectively, and     ψ   s     and     ψ   r     are the branch flux linkage matrices of stator and rotor, respectively, which can be expressed as:


   [        ψ   s           ψ   r        ]  =  [        L    s s              L    s r            L    r s              L    r r         ]   [        I   s           I   r        ]   



(11)




where Lss is 3 m × 3 m stator inductance matrix, Lrr is 3 n × 3 n rotor inductance matrix, and Lsr and Lrs are mutual inductance matrices of stator and rotor. Since the relative motion is between the coils of stator and rotor, the mutual inductance matrices Lsr and Lsr are time-varying function matrices. Combining Equation (11) and Equation (9), Equation (9) is transformed into a time-varying ordinary differential equation system:


   [        L    s s              L    s r            L    r s              L    r r         ]   [      p   I   s         p   I   r        ]  +  [        R   s           p   L    s r          p   L    r s              R   r        ]   [        I   s           I   r        ]  =  [        U   s           U   r        ]   



(12)







Considering the stator and rotor current constraints, Equation (12) can be further reduced. When the internal short-circuit fault occurs in rotor windings, the voltage equation of the faulty loop should be added to Equation (12). Then, the simulation can be realized by solving the modified equation system.



The calculation methods of inductance matrices Lss, Lsr, Lsr, and Lrr are as follows.



Assume that the air gap is uniform. According to the analysis of air-gap permeance and taking the single-turn coil as the research object, the mutual inductance coefficient between the stator coil i and the coil j is


   M  i , j  s  =   4  w s 2  τ l  μ 0    P  π 2  δ    ∑ k    (    k  s k     k   )  2  cos [ k ( i − j )  α s  ]  



(13)




where ws is the number of turns of a single stator coil,  τ  is the pole pitch, l is the core length,    μ 0    is the permeability of vacuum, P is the number of pole-pairs, k is the harmonic order,   k = 1 / P , 2 / P , 3 / P , …  ,  δ  is the equivalent air gap length,    α s    is the stator electric angle, and    k  s k     is the stator side short distance coefficient of kth harmonic.



In particular, when i = j, Equation (13) is converted to the self-inductance coefficient of the coil i, which is expressed as:


   M  i , i  s  =   4  w s 2  τ l  μ 0    P  π 2  δ     ∑  k     (     k  s k    k   )   2   



(14)







If    M  H ( x ) , J ( t )  s    is used to represent the mutual inductance between the coil x of the loop H and the coil t of the loop J, then the mutual inductance    M  H J  s    between the stator loop H and the loop J is expressed as:


   M  H J  s  =   ∑   r = 1  m    ∑   t = 1  n   M  H ( x ) , J ( t )  s   



(15)




where m is the number of coils in loop H, and n is the number of coils in loop J. When loop H and loop J are the same loop, the calculation result is the self-inductance coefficient of this loop.



Since the rotor is also winding, the calculation method of the inductance coefficient of the rotor side is similar to that of the stator side. The mutual inductance coefficient between the rotor coil i and coil j is:


   M  i , j  r  =   4  w r 2  τ l  μ 0    P  π 2  δ     ∑  k     (     k  r k    k   )   2  cos  [  k ( i − j )  α r   ]   



(16)




where wr is the number of turns of a single rotor coil,    α r    is the rotor electric angle, and    k  r k     is the rotor side short distance coefficient of kth harmonic. Similarly, the mutual inductance coefficient    M  H J  r    between the rotor loop H and loop J is expressed as:


   M  H J  r  =   ∑   r = 1  m    ∑   t = 1  n   M  H ( x ) , J ( t )  r   



(17)




where m is the number of coils in loop H, and n is the number of coils in loop J.



Similarly, the mutual inductance between stator coil i and rotor coil j is:


   M  i , j   s r   =   4  w s   w r  τ l  μ 0    P  π 2  δ     ∑  k     k  s k    k     k  r k    k  cos  [  k  (  γ + i  α s  − j  α r   )   ]   



(18)




where  γ  is the rotor position angle, which varies with the rotor rotation. The mutual inductance coefficient    M  H J   s r     between the stator loop H and the rotor loop J is expressed as:


   M  H J   s r   =   ∑   r = 1  m    ∑   t = 1  n   M  H ( x ) , J ( t )   s r    



(19)







The above inductance parameters    M  H J  s   ,    M  H J  r    and    M  H J   s r     are the elements in the inductance matrices Lss, Lsr, Lsr, and Lrr.



Take a 300 MW variable-speed pumped storage unit with seven pairs of poles (P = 7) as an example. The basic parameters of the unit are shown in Table 1, and the stator branch wiring diagram is shown in Figure 2. Each phase of the stator consists of four branches in parallel. In the figure, A, B, and C are phases, 1, 2, 3, 4 are branch numbers. CT represents a current transformer. CT2 measures the sum current of branch A1 and branch A2, and CT3 measures the sum current of branch A3 and branch A4. The current difference between CT2 and CT3 is the circulating current of Phase A, and the split-phase transverse difference current of Phase A. At present, the stator internal CT of the large generator is mainly the TPY type. TPY is a current transformer considering transient characteristics for protection applications; its core has an air gap. The core of the TPY current transformer has an air gap, so the reluctance is large, and the saturation time is prolonged; that is, there is a longer time to maintain the linear transformation, which greatly improves the transient characteristics. Therefore, a TPY current transformer has a strong anti-saturation ability, which can effectively avoid transient maloperation. The error of the TPY current transformer under rated primary current should be less than ±1%. The measurement accuracy is high. In addition, CT2 and CT3 are the same type current transformers, which can overcome the measurement error caused by non-fault factors to a certain extent.



The protection object of split-phase transverse differential protection is the short-circuit fault of the stator winding, and the fundamental frequency effective value of circulating current is extracted as the action quantity of split-phase transverse differential protection. However, the protection object of the proposed method is the rotor winding short-circuit fault, and the comprehensive effective value of the characteristic frequency components of the circulating current is extracted as the protection action. In summary, this method does not need additional measurement devices in the industrial environment and only needs to add a set of protection algorithms in the microcomputer protection device to realize the protection of the rotor winding short-circuit fault of the variable speed pumped storage unit. When the slip ratio s is 0.1, the theoretical characteristic frequency of the circulating current between stator branches can be calculated according to Equation (7), and the calculation results are shown in Table 2.



It is assumed that a short-circuit fault occurs in the 32nd turn coil of branch A2 (the second branch of phase A in rotor winding) and the 34th turn coil of branch A2; the turn difference is 2 turns, and the fault time is 35 s. The analytic model constructed by the multi-loop method is used for simulation calculation, and the transient current waveforms of stator branches are obtained as shown in Figure 3. The abscissa of Figure 3 is time, and the ordinate is the normalized unit value of the current. The reference value of current normalization is the amplitude of the 50 Hz stator phase current. In normal operation, the amplitude of the normalized current of each stator branch is about 0.25 p.u (the stator winding is a four-branch structure in each phase, 1/4 = 0.25 p.u). p.u is the abbreviation of per unit, which is a numerical labeling method used in power system analysis and engineering calculation. It represents the relative value of a physical quantity or a parameter that can be considered dimensionless. Since the physical position of each stator branch winding is different, the transient current of each stator branch is different.



It can be found that the stator branch current distortion is obvious, with a large number of harmonic components after the fault occurs. At this point, the transient circulating current of each phase measured by the split-phase transverse differential protection is as shown in Figure 4. Taking phase A as an example, FFT transformation is performed on the circulating current of phase A to obtain the spectrum diagram, as shown in Figure 5. In Figure 4 and Figure 5, the normalized reference values are both the amplitude of the 50 Hz stator phase current. The characteristic frequencies are consistent with the theoretical analysis values in Table 2.



The finite element method is another recognized effective simulation method that is different from the multi-loop method used in this paper. The finite element analysis method is used to model the actual variable-speed pumped storage unit. Considering the boundary conditions, the equation for solving the nonlinear time-varying electromagnetic field is:


       ∂  ∂ x    (   1 μ    ∂  A z    ∂ x    )  +  ∂  ∂ y    (   1 μ    ∂  A z    ∂ y    )  = −  J z  + σ   d  A z    d t         S :  A Z  = 0      



(20)




where    A z    is the z-axis component of the vector magnetic potential,    J z    is the source current density,  μ  is the permeability of the material,  σ  is the electrical conductivity of the material, and S is the outer diameter of the stator core.



The stator winding has four branches in each phase that are connected by double-layer winding. The rotor winding is connected by double-layer wave winding with two branches per phase. The winding connection form is complex, not symmetrical. In addition, the short-circuit fault destroys the symmetry of the magnetic field when the rotor winding short-circuit fault occurs. Therefore, the entire electrical machine must be simulated; it cannot be decomposed into 1/2 units or 1/4 units for simulation. To ensure that the coil connection sequence of stator and rotor windings in the simulation model is consistent with the actual unit, the Maxwell circuit design is used to set the coil connection sequence of stator and rotor windings. In addition, the rotor winding short-circuit fault is also based on the switch element setting in Maxwell circuit design. The materials of stator and rotor cores are silicon steel sheets, and the model is “DW315_50”. The materials of stator and rotor windings are copper, and the model is “copper_75C”. The material of the air gap is the vacuum, and the model is “vacuum”. The solution algorithm is Backward Euler, which is an implicit solution method with better convergence. The nonlinear residual is 0.0001, which ensures that the simulation results have higher accuracy. During the normal operation of the variable-speed pumped storage unit, the distribution of magnetic density and the magnetic force line is as shown in Figure 6a. It is obvious that the unit has seven pairs of poles, and the magnetic field is symmetrically distributed on the circumference. After the rotor winding has a short-circuit fault, the distribution of magnetic density and magnetic force line is as shown in Figure 6b. The short-circuit fault is located in the upper right corner of Figure 6b. It can be found that the magnetic field at the short circuit will cause serious distortion, and the magnetic line is no longer symmetrical.



Take a short-circuit fault occurring in the 32nd turn coil of branch A2 and the 34th turn coil of branch A2 as an example. Using the finite element method for modeling and simulation, the spectrum diagram of the circulating current of phase A is obtained by FFT transform, as shown in Figure 7. Comparing Figure 5 and Figure 7, it can be found that the characteristic frequencies of the two simulation results are the same, which is consistent with the theoretical analysis. The characteristic frequency amplitudes obtained by the two simulation methods are compared, as shown in Table 3. The maximum relative error of each harmonic component amplitude is −14.0553%.



The accuracy of the multi-loop method is not as good as that of the finite element method, but we still chose the multi-loop method for the following considerations. According to the statistics of the number of rotor winding short-circuit faults, there are as many as thousands or even tens of thousands possible faults for an actual unit. It is inevitable to consider the time cost required for simulation when simulating these faults. The computer configuration for simulation included an Intel Core i7-11700 processor and 16.0 GB of RAM. For the multi-loop method, it takes about 34 s to simulate a fault. For the finite element method, it takes about 2812 s to simulate a fault. In addition, each fault simulated by the finite element method needs to change the wiring of the fault location in the Maxwell circuit design, which requires the participation of personnel. It can be estimated that it is difficult to simulate all faults by the finite element method.



The influence of the simulation error of the multi-loop method on the proposed protection is further analyzed. Combined with the data shown in Table 3, the protection action values corresponding to the two simulation methods are calculated by Equation (8). The protection action value corresponding to the multi-loop method is 0.163 p.u, and that corresponding to the finite element method is 0.169 p.u. The relative error is −3.55%, and the error is small. In addition, the protection action value of the multi-loop method is smaller than that of the finite element method, which makes the analysis result of the multi-loop method more conservative than that of the finite element method. In the multi-loop method, the calculation formulas of the inductance parameters of stator and rotor windings are Equations (13)–(19). The inductance parameter is inversely proportional to the equivalent air gap length. In the modeling, the actual air gap length is set as the equivalent air gap length. That is, the multi-loop method ignores the core reluctance and only considers the air gap reluctance. However, both the core reluctance and air gap reluctance are considered in the finite element method. This makes the equivalent air gap length in the multi-loop method smaller, which leads to the calculated inductance parameters being larger. According to Equation (12), when the inductance parameter is larger, the calculation results of the stator and rotor currents are smaller due to the constant voltage parameter on the right side of the equation. Therefore, the protection action value of the multi-loop method is less than that of the finite element method. More faults shown in Table 4 are simulated, and the protection action values obtained by the multi-loop method and finite element method are compared. The relative errors are calculated with “the protection action values obtained by the finite element method” as the reference value. In the table, A1_13 and A1_30 indicate that the 13th turn coil of branch A1 and the 30th turn coil of branch A1 have a short circuit fault. It can be found that the maximum relative error does not exceed −5%, which verifies the correctness of the simulation results of the multi-loop method.




4. Batch Simulation and Verification


4.1. Effectiveness Analysis and Verification of the Proposed Protection Method


An internal short-circuit fault in rotor windings is mainly caused by insulation damage. It can be divided into in-slot and end faults according to the fault position. For the in-slot fault, as the name implies, the short-circuit fault occurs on two bar conductors in the same slot. The number of possible short-circuit faults is equal to the total number of slots in the rotor, denoted as Z. For the end faults, a specific connection form of the rotor double-layer wave windings needs to be considered, as shown in Figure 8. A single-turn coil is composed of the upper bar conductor in slot n and the lower bar conductor in slot n + y1. The upper connecting line of the upper bar conductor in slot n is overlapped with the upper connecting line of the lower bar conductor in slot (n + 1) − (n + y1 − 1), which may lead to a total of (y1 − 1) short-circuit faults. The lower connecting line of the upper bar conductor in slot n is overlapped with the lower connecting line of the lower bar conductor in the slot (n − 1) − (n − y2 + 1), which may lead to a total of (y2 − 1) short-circuit faults. There are (y1 + y2 − 2) faults in total. Therefore, the number of possible short-circuit faults at the end of the whole rotor winding is (y1 + y2 − 2) Z.



For the actual variable speed unit in Table 1, the number of possible internal short-circuit faults in rotor windings is shown in Table 5. Various faults can be simulated by using the modeling method described in Section 3.



When the slip ratio is 0.1, the simulation results of all possible faults in Table 5 are as shown in Figure 9, which are divided into four parts: in-slot faults, end faults in the same branch with different short turns, end faults between two branches in the same phase, and end faults between phases. In the figure, each scattered point represents a fault situation, the abscissa is the turn difference of the short-circuit fault, and the ordinate is the simulation calculation result of the protection action value    I  o p     obtained by Equation (8). The number of end faults is huge and the overlap of scattered points is serious. Therefore, a scatter density diagram is used in the display, and the scatter color changes are proportional to the scatter density. Figure 9a corresponds to the calculation results of in-slot faults, and the minimum protection action value is 0.1678 p.u. Figure 9b corresponds to the calculation results of end faults in the same branch with different short turns, and the minimum protection action value is 0.1281 p.u. Figure 9c corresponds to the calculation results of end faults between two branches in the same phase, and the minimum protection action value is 0.0535 p.u. Figure 9d corresponds to the calculation results of end faults between phases, and the minimum protection action value is 0.0473 p.u. Among them, 0.0473 p.u is the minimum value of the above protection action value. Therefore, the minimum protection action value can be determined to be 0.0473 p.u. In addition, the protection action value of most faults is greater than 0.1 p.u., indicating obvious fault characteristics.



Consider that the rotor speed of a variable-speed pumped storage unit has a certain range of variation, usually   s ∈ [ − 0.1 , 0.1 ]   [32]. Therefore, all possible faults with slip ratios s of −0.1, 0.05, −0.05, 0.01 and −0.01 are simulated. The simulation calculation results are shown in Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14. The overall distribution trend of calculation results of protection action values is almost the same under different slip ratios. In general, the minimum value of the protection action value in all faults is 0.0368 p.u. in Figure 13d. However, the protection action value of most faults is still greater than 0.1 p.u.; the number of faults whose action value is greater than 0.1 p.u. is shown in Table 6. It can be found that most faults with different rotor speeds have obvious fault characteristics. Therefore, the protection setting value    I  s e t     can be selected flexibly, which verifies the effectiveness of the protection method. The protection action value is positively correlated with the fault degree. Even if the protection action value of a very few faults is less than the setting value and cannot be applied, the fault degree of this kind of rejection fault is extremely weak and will not cause serious harm to the unit in a short time. Therefore, it is acceptable to set the protection value to 0.1 p. u.



It is worth mentioning that the fault corresponding to the protection action value 0.0368 p.u. in Figure 13d is a short-circuit fault between the 2nd turn coil of branch A2 and the 1st turn coil of branch B2, as shown in Figure 15. That is, the short-circuit fault occurs between F1 and F2. F2 is the equipotential with the neutral point o. Therefore, although this fault is a fault between phases, the fault characteristic is consistent with the characteristic of a small turn difference inter-turn short-circuit fault. Currently, the short-circuit fault current in rotor windings is small, and the amplitude of the harmonic characteristic circulating current induced on the stator side is also very weak.




4.2. Analysis and Verification of Protection Method against Maloperation


In this section, the maloperation prevention ability of the proposed protection method is mainly analyzed.



For the stator single-phase grounding fault, since the neutral point of the stator winding is grounded by high resistance, the fault characteristics are weak, and only the change characteristics of fundamental frequency zero-sequence voltage and third harmonic voltage ratio will appear. The current of each branch is almost unchanged, which will not cause protection maloperation.



For the rotor one-point grounding fault, since the neutral point of the rotor winding is not grounded, there is no current path, thus the air-gap magnetic field distribution generated by rotor windings will not be changed, and the circulating current between stator branches will not be induced.



For the internal short-circuit faults in stator windings, the stator short-circuit current will distort the air-gap magnetic field, and then fault current with some specific frequencies will be induced in rotor windings. The above-induced current will also in turn generate a fault current with some characteristic frequencies on the stator side. However, the amplitude of this fault current is very weak after secondary induction, and the characteristic frequencies are different from that in Equation (8). Therefore, the protection action value will not reach the setting value. Still taking the above variable-speed pumped storage unit as an example, all possible internal short-circuit faults in stator windings are simulated. When the slip ratio s = 0.1, the calculation results of the action value of the proposed protection are as shown in Figure 16. In the figure, the abscissa is the turn difference of the short-circuit fault in stator windings, and the ordinate is the calculation result of the protection action value    I  o p    . It can be found that the maximum protection action value is only 0.00164 p.u. in all fault cases, which is close to 0. Therefore, the protection setting value can be flexibly selected to ensure that the proposed protection does not malfunction when other kinds of faults occur.





5. Conclusions


In this paper, a rotor winding internal short-circuit fault protection method for variable-speed pumped storage units is proposed. The harmonic characteristic frequencies of the circulating current between stator branches were analyzed when the rotor winding was short-circuited, and it was verified that the characteristic frequencies matched the simulation results. Then, the protection criterion for the rotor windings’ internal short-circuit faults was proposed based on the harmonic characteristics, and a large variable-speed pumped storage unit was taken as an example to verify the proposed method. All possible rotor winding internal short-circuit faults had large protection action values under different slip ratios, which could reliably reflect the inter-turn and inter-phase short-circuit faults of the rotor windings. In addition, when other kinds of faults occurred, the action value of the proposed protection was close to 0, which has a strong maloperation prevention ability.



In summary, the advantages of the proposed method are that a protection criterion for rotor winding short-circuit faults in a variable speed pumped storage unit is proposed explicitly, and a calculation method is provided for the reasonable selection of the protection setting value and the evaluation of the protection coverage rate.
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Figure 1. Equivalent circuit diagram of stator and rotor windings; (a) stator windings; (b) rotor windings. 
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Figure 2. Stator winding branch wiring diagram. 
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Figure 3. The transient current of waveform stator branches (the inter-turn short circuit fault occurs at t = 35.0 and in rotor branch A2). 
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Figure 4. The transient circulating current of each stator phase (the inter-turn short circuit fault occurs at t = 35.0 and in rotor branch A2). 
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Figure 5. Spectrum diagram of the circulating current of phase A obtained by the multi-loop method. 
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Figure 6. The finite element analysis model; (a) the distribution of magnetic density and magnetic force line during normal operation; (b) the distribution of magnetic density and magnetic force line after the rotor winding has a short-circuit fault. 
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Figure 7. Spectrum diagram of the circulating current of phase A obtained by finite element method. 
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Figure 8. Position of the possible end short-circuit faults. 
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Figure 9. When s = 0.1, the simulation results of all possible internal short-circuit faults in rotor windings: (a) in-slot faults; (b) end faults in the same branch with different short turns; (c) end faults between two branches in the same phase; (d) end faults between phases. 
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Figure 10. When s = −0.1, the simulation results of all possible internal short-circuit faults in rotor windings: (a) in-slot faults; (b) end faults in the same branch with different short turns; (c) end faults between two branches in the same phase; (d) end faults between phases. 
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Figure 11. When s = 0.05, the simulation results of all possible internal short-circuit faults in rotor windings: (a) in-slot faults; (b) end faults in the same branch with different short turns; (c) end faults between two branches in the same phase; (d) end faults between phases. 
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Figure 12. When s = −0.05, the simulation results of all possible internal short-circuit faults in rotor windings: (a) in-slot faults; (b) end faults in the same branch with different short turns; (c) end faults between two branches in the same phase; (d) end faults between phases. 
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Figure 13. When s = 0.01, the simulation results of all possible internal short-circuit faults in rotor windings: (a) in-slot faults; (b) end faults in the same branch with different short turns; (c) end faults between two branches in the same phase; (d) end faults between phases. 
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Figure 14. When s = −0.01, the simulation results of all possible internal short-circuit faults in rotor windings: (a) in-slot faults; (b) end faults in the same branch with different short turns; (c) end faults between two branches in the same phase; (d) end faults between phases. 
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Figure 15. Diagram of the short-circuit fault in rotor windings. 
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Figure 16. When s = 0.1, the simulation results of all possible internal short-circuit faults in stator windings: (a) in-slot faults; (b) end faults in the same branch with different short turns; (c) end faults between two branches in the same phase; (d) end faults between phases. 
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Table 1. The basic parameters of a variable-speed pumped storage unit.
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	Parameter
	Stator
	Rotor





	Slot number (Z)
	252
	294



	Winding form
	Double-layer lap winding
	Double-layer wave winding



	Number of parallel branches
	4
	2



	Number of coils per branch
	21
	49



	First pitch (y1)
	15
	21



	Second pitch (y2)
	14
	21



	Rated current/A
	12317
	6400
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Table 2. The theoretical characteristic frequency of the circulating current between stator branches.
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	The Harmonic Magnetic Field with Order k
	Frequency of the Circulating Current/Hz

   50  [  k ( 1 − s ) + s  ]    
	Frequency of the Circulating Current/Hz

   50  [  k ( 1 − s ) − s  ]    





	1/7
	11.43
	1.43



	2/7
	17.86
	7.86



	3/7
	24.28
	14.28



	4/7
	30.71
	20.71



	5/7
	37.14
	27.14



	6/7
	43.57
	33.57



	8/7
	56.43
	46.43



	9/7
	62.86
	52.86



	10/7
	69.29
	59.29



	11/7
	75.71
	65.71



	12/7
	82.14
	72.14



	13/7
	88.57
	78.57










[image: Table] 





Table 3. Characteristic frequency amplitude obtained by multi-loop simulation method and finite element simulation method.
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	The Characteristic Frequency (Hz)
	Amplitude Obtained by Multi-Loop Method (p.u)
	Amplitude Obtained by Finite Element Method (p.u)
	Relative Error (%)





	1.43
	0.0729
	0.0738
	−1.2195



	7.86
	0.0839
	0.0841
	−0.2378



	11.43
	0.0726
	0.0735
	−1.2245



	14.28
	0.0195
	0.0209
	−6.6986



	17.86
	0.0807
	0.0818
	−1.3447



	20.71
	0.0172
	0.0185
	−7.0270



	24.28
	0.0163
	0.0172
	−5.2326



	27.14
	0.0244
	0.0264
	−7.5758



	30.71
	0.0183
	0.0194
	−5.6701



	33.57
	0.0388
	0.0443
	−12.4153



	37.14
	0.0235
	0.0271
	−13.2841



	43.57
	0.0373
	0.0434
	−14.0553



	46.43
	0.0217
	0.0248
	−12.5000



	52.86
	0.0073
	0.0078
	−6.4103



	56.43
	0.0254
	0.0251
	1.1952



	59.29
	0.0078
	0.0089
	−12.3596



	62.86
	0.0064
	0.0071
	−9.8592



	65.71
	0.0070
	0.0079
	−11.3924



	69.29
	0.0067
	0.0075
	−10.6667



	72.14
	0.0121
	0.0123
	−1.6260



	75.71
	0.0075
	0.0086
	−12.7907



	78.57
	0.0179
	0.0196
	−8.6735



	82.14
	0.0121
	0.0126
	−3.9683



	88.57
	0.0184
	0.0199
	−7.5377
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Table 4. Protection action values obtained by the multi-loop method and finite element method under various faults.
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	Fault Condition
	Protection Action Values Obtained by Multi-Loop Method (p.u)
	Protection Action Values Obtained by Finite Element Method (p.u)
	Relative Error (%)





	A1_13 and A1_30
	0.355
	0.368
	−3.46%



	A1_15 and A2_4
	0.258
	0.266
	−2.93%



	A1_6 and B1_21
	0.751
	0.779
	−3.71%



	B2_11 and C2_17
	0.824
	0.859
	−4.14%
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Table 5. The number of possible internal short-circuit faults in rotor windings.
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	Faults in the Same Branch with Different Short Turns
	Faults between Two Branches in the Same Phase
	Faults between Phases
	Total





	In-slot faults
	252
	42
	0
	294



	End faults
	1584
	1944
	8232
	11,760



	Total
	1836
	1986
	8232
	12,054










[image: Table] 





Table 6. The number of faults whose action value is greater than 0.1 p.u.
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	Slip Ratio
	Number
	Proportion





	0.1
	11,875
	98.52%



	−0.1
	11,858
	98.37%



	0.05
	11,767
	97.62%



	−0.05
	11,780
	97.73%



	0.01
	11,577
	96.04%



	−0.01
	11,546
	95.79%
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