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Abstract

:

Current and voltage instrument transformers are essential elements of the power system. They work like transformers but do not transmit power. Their task is to accurately transform currents or voltages during system operation, which are then used for measurement and protection. These devices are very precise, and their accuracy is defined by the IEC/CEN standards. Instrument transformers are located at all transformer stations, specialized high-voltage and high-power laboratories, and testing and teaching laboratories. Therefore, the design requirements are very different depending on their type (current, voltage, or combined), function (measuring, protection), and operating voltage (high, medium, and low). The requirements concern not only the operation but also the strength of the insulation system and, sometimes, the mechanical strength.
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1. Introduction


This article aims to reach designers of various instrument transformers and show them the possibilities offered by numerical field methods. Using these methods to support the design process enables an accurate estimation of the device’s properties during operation. It thus saves time and money on the construction and testing of subsequent prototypes.



The beginning of the development of the power system is also the beginning of the production and use of inductive instrument transformers. The first primitive instrument transformers appeared about 100 years ago. In 1899, Siemens patented the first current instrument transformer. Initially, the electrical measurements and the instrument transformers were not given due attention. The accuracy problems, magnetic circuits, insulation, and transients were not interesting. The first scientific articles on instrument transformers appeared only after 1906.



As the transmitted power and voltage of transmission lines increased, instrument transformers became an essential element of the measurement system, and their accuracy requirements began to increase. The development of the structure depends primarily on the progress in materials and technology, and therefore only at the end of the 1950s did electromagnetic processes in instrument transformers become of interest. The decisive moment for the development of instrument transformers was the invention of cold-rolled silicon sheets, which allowed higher transformation accuracy and reduced device dimensions. Today, even better results can be achieved with permalloy or nanocrystalline sheets.



In the past, instrument transformers design used methods developed for the design of power transformers, ranging from the classic works of Rogowski to the works of Roth, Rabins, and Jezierski [1].



These methods used to a limited extent the field description of phenomena in instrument transformers. Different requirements for instrument transformers than for power transformers and numerous experimental experiences resulted in several works of authors. However, most authors used analytical and experimental methods using the equivalent circuit (Figure 1) of the instrument transformer, which quickly and easily gives results in the form of errors in the designed instrument transformer but requires the correct calculation of the parameters of the equivalent circuit.



The analytical methods and empirical formulas used to calculate the parameters give approximate results, sometimes even different from the actual state, and are a source of errors in design calculations. As a result, a certain number of prototypes must be made, which must be rejected after testing, which is costly and labor-intensive.



Designs other than inductive instrument transformers [2] have also appeared, such as electronic devices using low signals from the Rogowski coil, optoelectronic instrument transformers based on Faraday’s law and the Pockels effect using optical fibers, and instrument transformers using microwaves and the so-called Bluetooth technology. However, these solutions are not widely used so far because they are not as accurate and reliable as inductive instrument transformers.



Problems with designing increasingly accurate inductive instrument transformers continue to exist. Engineers continue to work to improve both the instrument transformer design and design methods. Although the principle of operation of the instrument transformers is the same as that of power transformers, the tasks of the instrument transformers, and thus the problems faced by designers during the design, are entirely different.



The requirements for instrument transformers relate to the transformation of currents or voltages with high accuracy and are different for measuring and protection instrument transformers. The concentration of construction and calculation problems, also encountered in the design of other converters and electrical devices, in the case of instrument transformers (especially high-current and high-voltage), is intensified by their metering and protection activities.



Accurate transformation of currents or voltages during system operation is necessary for accurate measurements and proper operation of protection devices. The accuracy of the instrument transformers is defined by standards [3,4,5,6,7,8].



The measuring instrument transformers are part of the measuring system and enable the measurement of system operating parameters, including energy flow measurement. Hence, they decide about financial settlements between electricity consumers. The current ratio of the current transformers and the voltage ratio of the voltage transformers should ensure the safety of the personnel and measuring devices. Regardless of the current transformer’s primary current, the secondary current should usually be 5 A or sometimes 1 A. Similarly, the secondary voltage ratio should always be 100 V for voltage ones. The accuracy class of the measuring instrument transformers is determined by the characteristics of current or voltage errors and phase displacement (permissible values are given in IEC/EN standards).



The IEC/EN standards [3,4,5,6] define transformation errors as current or voltage errors:


   Δ i  =    I s   K n  −  I p     I p    ⋅ 100 %  



(1)






   Δ u  =    U s   K n  −  U p     U p    ⋅ 100 %  








and phase displacements:


   δ i  =  φ   i s    −  φ   i p                                         δ u  =  φ   u s    −  φ   u p       



(2)




where Ip, Is and Up, Us are the RMS values of the primary and secondary current and voltages, respectively,    φ   i p    ,      φ   i s      and    φ   u p    ,  φ   u s      are the phase displacement of these currents and voltages, respectively, and Kn is the CT or VT ratio.



The standard requires that for individual accuracy classes of current transformers, the transformation errors should not exceed the values given in the (Table 1 and Table 2) at different currents corresponding to percentages of the rated current. For S-classes, the requirements also apply to tests at 1% of the rated current.



During the accuracy tests of measuring voltage transformers, the primary voltage is 80% Upn, and the protection voltage is 5% of the rated voltage (1) and (2).



Measurement instrument transformers are precision devices; the current or voltage error (1) at the rated value should be less than a few parts of a percent after the decimal point, and the phase displacement (2) is measured in minutes (a 10 min error equals 0.17 degrees).



The protection instrument transformers are of two types: P (Protective) for steady-state overcurrent protection and TP (Transient Protection) for transient protection during a transmission line fault when the primary current has an exponential component.



The class of instrument transformers of the first type is determined by the maximum value of the total error for a given rated load of the instrument transformer at the overcurrent corresponding to the set primary current, with the RMS value being a multiple of the rated current IpALF = ALF·Ipn, where ALF stands for the accuracy limit factor.



Accuracy limit factor (ALF):


  A L F =    I  p A L F      I  p n        



(3)







TPX, TPY, and TPZ are current transformers for transient protection during a transmission line fault, but their construction is different. TPX and TPY have oversized large, heavy cores, whereas TPZ (the most commonly used) has cores linearized by cut air gaps. The requirements must also be different.



The estimation of the instantaneous error current waveform is made based on the participation of the non-periodic component in the course of the primary short-circuit current [9]:


     i p  =  2   I  p s c    {   {  c o s  (  ω t + Θ  )    − c o s Θ ·  e   t   T p         }   



(4)




where:    T p  =      L p     R p         —the equivalent time constant of the primary circuit; Θ—the phase angle at which the short-circuit occurred in the primary circuit



The instantaneous error current iε is the difference between the instantaneous values of the secondary current is multiplied by the rated turn ratio Kn and the primary current ip:


   i ε  =  K n   i s  −  i p   



(5)







The class of current transformers of the first type, TP, is determined by the instantaneous peak error     ε ^      , but for TPY, the remanent flux cannot exceed 10% of the saturation flux. The instantaneous peak error     ε ^     :  


    ε ^     =     i ^  ε     2   I  p s c     · 100 %  



(6)




where Ipsc is the rated primary short-circuit current, i.e., the RMS value of the primary symmetrical short-circuit current on which the rated accuracy performance of current transformer is based.



For TPZ, the remanent flux is practically negligible, and the accuracy is determined by the instantaneous peak error of the AC component of the current     ε ^   a c    :


    ε ^   a c   =     i ^   ε a c      2   I  p s c     · 100 %  



(7)




where     i ^   ε a c    —the amplitude of the alternating component of the error current.



The following parts of this article are structured as follows.



Section 2 presents the numerical model of instrument transformers, i.e., gives the field equations resulting from Maxwell equations corresponding to various design problems.



Section 3 presents the problems successively in instrument transformer design that require an exact solution. Calculated based on approximate analytical models, they do not consider most of the physical phenomena accounted for in three-dimensional field-circuit calculations. The simulation results are compared with the results of analytical formulas and experimental tests on real models. The following problems are considered: 1. Windings leakage reactance; 2. direct determination of the characteristics of amplitude errors and phase displacement; 3. operation of current transformers in transient states; 4. linearized current transformers cores by using air gaps; 5. operation of instrument transformers at distorted supply voltages; 6. the peak voltage value with an open secondary of the current transformer; 7. cores consisting of different magnetic materials; 8. shaping the insulation system of high- and medium-voltage transformers.



The practical conclusions of the research are presented in Section 4.




2. Numerical Model of Instrument Transformers


The numerical analysis was performed using the 3D field-circuit method by combining Maxwell’s equations in the physical area of the instrument transformer with the equation for the circuit with the load connected to the secondary terminals of the instrument transformer [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30].



	
The electric field in an insulation system (after introducing the scalar electric potential E = −∇V, where E is the electric field strength) is described by Laplace’s equation:







    ∇ 2  V = 0         



(8)





In electrostatic fields, electrode surfaces will obviously have assigned potential boundary conditions (electric potential V has a constant value).



	2.

	
The electromagnetic field created by sinusoidal currents allows the use of complex numbers and the description of the electromagnetic field by the Poisson equation resulting from Maxwell’s equations, using the complex magnetic vector potential A (B = ∇ × A):









   ∇ 2   A _  − μ ∇  (   1 μ   )  × ∇ ×  A _  = − μ    J w   _   



(9)




where A, B, Jw are complex vectors of magnetic vector potential, vectors of induction and magnetic field strength, and forced currents’ density, respectively.



The Poisson equation allows one to determine the magnetic field distribution when the primary and secondary current of the instrument transformer are known.



	3.

	
Helmholtz-type equation written in a complex time-harmonic form:









   ∇ 2   A _  − μ ∇  (   1 μ   )  × ∇ ×  A _  − j ω μ σ  A _  = − μ    J w   _   



(10)






   Ψ _  =    n s     S s      ∫    Ω s     A _  ⋅  l s  d v  



(11)






    U _  s  = j ω  Ψ _  =  (  R + j ω  )    I _  s   



(12)




where A is the complex magnetic vector potential (B = ∇ × A), Ψ is the complex magnetic flux passing through the secondary coil, Is is the complex secondary current, and ω is the angular frequency of the voltage. The boundary conditions are A × n = 0 and V = 0 for the electric scalar potential on the border of the entire system with the surrounding air.



R and L are the load resistance and the inductance of the secondary winding, respectively, μ is the permeability, and γ is the conductivity of the materials. ls is the unit tangent vector along the direction of the secondary current in a winding with a volume Ωs, and Ss is the cross-sectional area of this winding with the number of turns ns.



The Helmholtz equation allows determining not only the distribution of the magnetic field, but most of all, the induced currents.



	4.

	
The diffusion-type equation describes the electromagnetic field in electrical devices at transient.









  ∇ ×  (   1 μ    ∇ × A  )  = σ  (  −   ∂ A   ∂ t   − ∇ V  )   



(13)






  Ψ =    n s     S s      ∫    Ω s    A ⋅  l s  d v  



(14)






   u s  =   d Ψ   d t   = R  i s  + L   d  i s    d t    



(15)




where A, Ψ, and is are quantities varying in time, namely the magnetic vector potential, flux, and secondary current, respectively; B = ∇ × A; and the boundary conditions are A × n = 0 and V = 0 for an electric scalar potential at the boundary of the entire system with the surrounding air. The rest of the symbols are the same as in Equations (10)–(12).



The diffusion equation allows determining not only the distribution of the magnetic field, but also the waveforms of induced currents.




3. A New Approach to the Design of Instrument Transformers Uses Field and Field-Circuit Methods for Construction Optimization


Analytical and experimental methods are not very precise. The new approach to instrument transformer design assumes the use of field and field-circuit methods for design optimization. The field methods, which have been developing intensively since the early 1970s, are based on Maxwell’s equations [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30]. Using numerical methods of finite elements, finite differences or boundary elements have general properties that allow them to be applied to any design solution.



In the case of some constructions (complicated insulation systems, cores with air gaps) and specific emergency conditions, such as over-current or opening of the secondary current transformer during operation, field methods are even necessary. This also applies to instrument transformer structures and states for which the measurement is burdened with a significant error or is impossible due to the lack of appropriate power sources.



The instrument transformers operate loaded with specific external impedance. The modeling task is to determine the value of the secondary current or voltage with a known value of the primary current or voltage, which requires using the field-circuit method. The nonlinearity of the magnetic materials’ characteristics should be considered, which leads to the situation that the equations describing the problem are non-linear.



The evaluation of the instrument transformer operation with a non-sinusoidal supply or the TPZ protection transformer with a short-circuit in the transmission line in the transient state (for which it is intended) requires the use of full space and time field-circuit analysis.



High-voltage and medium-voltage instrument transformers pose many problems regarding the electrical strength of the insulation, especially combined transformers, where current and voltage transformer elements with diametrically different potentials are located next to each other in one housing.



3.1. Solving Problems during the Design of Instrument Transformers


The 3D finite element method is a proven good tool by designers to evaluate the properties of electromagnetic devices such as motors and transformers and other types of transducers.



Therefore, three-dimensional models of instrument transformers are used, and some problems are solved using the numerical field-circuit method.



By using field-circuit methods, it is possible at the design stage to directly determine both steady-state (Table 1, Table 2, Table 3 and Table 4) and transient errors (Table 5) of the instrument transformers without the need to use an equivalent circuit [17]. However, designers, to determine the metrological characteristics of instrument transformers, still often use commonly known equivalent circuits (Figure 1) [9]. The accuracy of determining these characteristics depends on the correct calculation of the parameters of the equivalent instrument transformer circuit. Structural problems that cannot be solved precisely using analytical or empirical formulas at the design stage are presented below.



3.1.1. Windings Leakage Reactance


Modeling the instrument transformer operation using the equivalent circuit (Figure 1) becomes problematic also in states deviating from the rated state (this also applies to protection transformers during the transient state in the transmission line) due to the significant variability of the diagram parameters. This is the effect of both the change in the saturation state of the core and the change in the spatial distribution of the magnetic field lines, which results in fluxes associated with parts of the windings even when counterturned on. Electromotive forces are induced that are not reflected in the equivalent circuit, in which the winding is modeled by lumped elements. This phenomenon is known and described as double leakage.



The leakage reactance through-going primary cable current transformers of ring and frame can be approximated from the empirical dependencies X2r = Rs tgφs, where the value of tgφs for the secondary winding depends on its arrangement and is determined experimentally [9].



The analytical formulas for calculating the winding leakage reactance X1r, X2r are given in the literature [1,9]:


   X  r 1   = 7.9 ×   10   − 6   f    n p 2    2 π  r m     b  1 m      (   δ 2  +    a 1   3   )  ,                    X  r 2   = 7.9 ×   10   − 6   f    n s 2    2 π  r m     b  2 m      (   δ 2  +    a 2   3   )   



(16)




where rm—the mean radius of the inter-winding gap; np, ns—the number of turns of the windings; b1m, b2m—equivalent length of the winding coils; δ—the width of the inter-winding gap; a1, a2—the height of the winding coils.



These apply only to the structure of the transformer with cylindrical windings, placed coaxially on the core column.



There are no analytical or empirical formulas for the remaining constructions. On the other hand, this parameter of the equivalent diagram significantly impacts the analytical calculations of transformation errors and the assessment of the instrument transformer class during design. In addition, in the overcurrent condition, the X2r secondary winding leakage reactance value differs from the value of this reactance during operation in the rated state. This is due to the saturation of the core in the overcurrent state of the current transformer. Therefore, it cannot be assumed that the leakage reactance X2r is a constant value.



Researchers dealing with instrument transformers proposed the use of field methods to calculate an important parameter in the design of instrument transformers, which is the leakage reactance [12,13,14,15,16,17,18].



Below is a comparison of the results of calculations and measurements for a voltage transformer that meets the requirements for using Formula (6).



The instrument transformer model used in the field-circuit method has distributed parameters and thus allows for considering the induced voltages in parts of the windings. The total winding leakage reactance, i.e., the short-circuit reactance of the instrument transformer reduced to the secondary side, can be determined from the magnetic energy related to the leakage flux from the magnetic field distribution in the equilibrium ampere-turns state of the instrument transformer (Figure 2) Xr = X″1r + X2r.



The Poisson equation is used to calculate the electromagnetic field created by sinusoidal currents using the complex magnetic vector potential A (9). If, when calculating the reactance of the windings, a sinusoidal variation of field values was assumed, i.e., the equivalent rectilinear magnetization characteristic passing through the point (Bm, Hm) adopted at each point of the area, then for magnetically linear or linearized systems for a given operating point, the energy formula takes the form;


   W m  =  1 2    ∫  v   (    ∫  0 B  H · d B  )  d  v    =  1 2    ∫  v  H · B   d v =  1 2    ∫  v  A · J   d v  



(17)






   X r  = ω L = ω   2  W m     I  s m  2     



(18)




where A, B, H, J are vectors of the magnetic vector potential, of the induction, of the magnetic field strength, and of the forced currents density, respectively; μ is the permeability of the core, Wm is the magnetic energy related to the leakage flux, and Ism is the maximum secondary current.



Then, the total leakage reactance is calculated from the magnetic field distribution and Formulas (17) and (18) (Table 6).




3.1.2. Direct Determination of the Characteristics of Amplitude Errors and Phase Displacement Using Field-Circuit Methods


The solution field-circuit method with Helmholtz-type Equations (10)–(12) allows for determining the complex values of the secondary current. Then, based on Formulas (1) and (2), the characteristics of the current error and phase displacement are determined at the currents set by the standard [5] (Table 1 and Table 2) from 5 to 120% of the rated value and with an impedance load (in the range from 0.25 to 1 of its rated value) [17,25,27,28,29,30,31].



As an example, calculations and measurements were made for two different types of through-going current transformers shown in Figure 3: a measurement current transformer with a toroidal core, and a 600 A/5 A ratio [27] and protection 200 A/5 A with an adjustable air gap.



The comparison (Figure 4 and Table 7) shows the compliance of the transformation errors determined directly by field-circuit methods and tests.




3.1.3. Operation of Current Transformers in Transient States


Failures such as short circuits and wire breakage occur in power networks. In this case, transient states appear in the system. A significant number of references can be found on this topic, but the most used analytical methods use the equivalent circuit [32,33,34,35,36,37,38,39,40]; most elements of this schema are determined by the field method [15].



Short-circuit testing laboratories are designed to check power protection devices’ operation and perform basic design tests of the power system components.



Short-circuit current transformers are the equipment of short-circuit laboratories in which components operating in power systems are tested. A short-circuit in the power network is a sudden failure; therefore, short-circuit current transformers should be designed to operate correctly during a transient state. During the tests, high currents of the order of kA flow are used, and due to the safety of operation, the measurements are made at a current of 5 A. Therefore, cascade current transformers are used. A cascade has several cores with primary and secondary windings connected in such a way that the secondary winding of the first core is the primary winding of the next. During design, the behavior of the protective current transformer in a transient state should be checked. First of all, the cores should not saturate and not deform the currents and meet the requirements for overvoltage protection current transformers (TP); that is, the maximum of the instantaneous peak error (6) must not exceed 10% of the error for all subsequent peak waveforms of the current during a specific transient switching cycle



Therefore, a full 3D space–time analysis of the field-circuit is required (13)–(15). It offers opportunities that even research cannot provide.



It allows one to assess the saturation of individual cascade cores, see the waveforms of all currents, and above all, the currents connecting the cascade windings, which cannot be viewed and measured on an oscilloscope [30].



As an example, an analysis of the operation of a 50,000 A/5 A cascade current transformer for measuring short-circuit currents is shown. Designed and manufactured by a factory prototype of current transformer, it has a sleeve structure and ring-shaped cores without gaps (Figure 5).



The maximum of the instantaneous peak error does not exceed 10% (the maximum is 0.72%) (Table 8 and Figure 6 and Figure 7). The value of the induction of 1.47 T (Figure 5) is lower than the saturation induction, and the short-circuit current transformer meets the requirement not to distort the waveform (Figure 7).




3.1.4. Linearized Current Transformers Cores by Using Air Gaps


The cores of protective current transformers of the TPZ type must be linearized so that they do not operate in the saturation range of the magnetization characteristic and correctly transfer high currents occurring during a power system failure. The standard defines the permissible value of the instantaneous peak error of the AC component of the current     ε ^   a c       (5)–(7) (Table 5).



TPZ class protection current transformers have cores with air gaps, which should guarantee linearity of the magnetization characteristic. Experience shows that not only the total length of the air gaps but also the number and length of the individual air gaps affect the instantaneous fault current of the protection current transformer.



The calculation of the instantaneous error current waveform using analytical methods consists in estimating how saturated the current transformer core is and whether the periodic component of the magnetizing current will not be deformed.



The estimation is made based on the participation of the non-periodic component in the course of the primary short-circuit current (4) and the required equivalent magnetization characteristic of the core with air gaps [9].



The fundamental difficulty and the source of errors and mistakes in this approach to the design of protection current transformers is the inability to predict the distribution of the magnetic field in the core with air gaps and thus correctly determine its equivalent magnetization characteristic.



The biggest mistake is the use of an approximate formula by the designer of protection current transformers [35,36,37,38,39,40], assuming an even distribution of the field in the core:


   H  F e    l  F e   +  H p   l a  =  I p  ·  n p          



(19)




where la—the total length of air gaps; lFe = 2πrm—the average length in the ferromagnetic material; Ip np—the ampere-turns.



Many researchers are interested in this issue and use approximate analytical solutions [9,35,36,37,38,39,40] based on Formula (19), and some also increase the accuracy of simulation of a current transformer with an air gap considering hysteresis loops based on Preisach theory [38,39,40] or PSCAD/EMTDC [38].



This assumption of uniform field distribution in the core is false and, as a result, gives an erroneous result both in terms of the instantaneous error current and the shape of the equivalent magnetization characteristic. The consequence is an incorrect course of the instantaneous error current and, thus, an incorrect assessment of the designed current transformer.



Therefore, three-dimensional models of current transformers should be used (Figure 8 and Figure 9), and problems should be solved using the numerical field-circuit method [21,22,24].



Although the authors of article [32] used FEM, they performed 2D calculations only in the core cross-section. Yet the magnetic flux propagates into the air gap not only in the direction of the core length (Figure 9d. Hence, it is a significant approximation and does not give exact results.



The evaluation of the instrument transformer operation with a non-sinusoidal supply or the TPZ protection current transformer with a short-circuit in the transmission line in the transient state (for which it is intended) requires the use of full space and time field-circuit 3D analysis (13)–(15) [23].



Figure 10 shows how the shape of the instantaneous error current versus time curves changes, using a core with a different number of air gaps but with the same total length. It can be seen that when only two air gaps are used, the waveform is distorted. This is the reason for disqualifying such a project. The instantaneous AC error peaks were required by the standard [4] and were calculated on the based on the instantaneous error current curves shown in Figure 10 and Formula (7).



The equivalent “effective air gap” is always smaller than the total length of air gaps due to the uneven distribution of the magnetic field in the core (Figure 9). The most significant discrepancy occurs where the field distribution is the most uneven, i.e., with a small number of large air gaps (Table 9). The value of the equivalent “effective air gap” length depends on many parameters simultaneously and cannot be calculated without using three-dimensional field analysis.




3.1.5. Operation of Instrument Transformers at Distorted Supply Voltages


More often, distribution networks are powered by distributed generation units with uneven electricity production and loaded with non-linear receivers [38]. Exceptional cases of distributed generation are renewable energy production units with an electrical power of up to 40 and 200 kW. Among them, the most popular are solar panels and small wind farms.



A very important issue is the accuracy of power measurements in transmission and distribution stations [41,42]. The measuring instrument transformers are elements of the power measurement system. The standards of the International Electrotechnical Commission (IEC/EN) [3,4,5] oblige designers to identify and reduce these errors (Table 1, Table 2 and Table 3). That is why many authors deal with this topic [41,42,43,44,45,46,47,48,49,50,51]. Research mainly concerns accurate measurement methods and uses analytical methods to work out this phenomenon. Particularly interesting is an article on the influence of the shape of the magnetization characteristics of the core of the current transformer (generated harmonics due to nonlinearity) on the accuracy of the current transformation by the measuring transformer [44].



The research in [50] presents the benefits of using a full three-dimensional space–time analysis of the magnetic field (13)–(15) to calculate the secondary voltage waveforms with distorted voltage supply. It offers opportunities that analytical methods cannot provide.



The research, which was carried out based on very approximate analytical models, did not consider most of the phenomena that are part of the three-dimensional electromagnetic field calculations. It is possible to obtain the current or secondary voltage waveform and accurately calculate the phase displacement as well as perform a discrete Fourier analysis of secondary waveforms. The calculation results for a specific voltage transformer 2000 V/100 V (Figure 11) are shown in the form of a distorted primary voltage waveform in Figure 12 and Table 10 in the form of transformation errors at the primary sinusoidal and distorted voltage.




3.1.6. Calculation of the Peak Voltage Value with an Open Secondary of the Current Transformer


The opening of the secondary circuit of the current transformer at the rated primary current causes the voltage on the secondary terminals to reach very high values, and power losses occur in the core. This is a danger both for the operator and for the current transformer’s insulation, which may be punctured. Such a situation may arise due to a breakdown or improper operation. The current transformer designer should know what peak voltage may appear at the terminals of the designed current transformer and what the consequences may be. Performing such a test is also impossible for the above reasons. The constructor has analytical two formulas to determine the peak voltage value [9];


   u  s m a x   =  1    1 +    (    ω  L μ     R  F e      )   2       μ  m a x    2     S  F e      l  F e            ω    n s 2   I p ″     



(20)




and [52]:


   u  s m a x   ≈  2     S n     I  s n         100   c l a s s      



(21)




and also an empirical formula (internal, unpublished lab manual):


   u  s m a x   = k  n s   S  F e      



(22)




where: Lμ, RFe are parameters of the equivalent circuit; ns—the number of turns of the secondary winding; SFe—core cross-sectional area in cm2; μmax—the highest value of static magnetic permeability at the beginning of the core magnetization characteristic; Ip—the primary current; Sn—power; Isn—the rated secondary current; k—constant equal to (0.5 ÷ 1.4) V/cm2; these parameters give divergent results (Table 11).



Solving this problem due to the significant deformation of the field value waveforms requires the solution of the full system of differential equations with respect to time (13)–(15).



As an example, the calculations for a 5 A/5 A laboratory current transformer: waveforms of the flux and secondary voltage shown in Figure 13 and a comparison of the induced secondary voltage calculations based on various calculations (Table 11).



The calculated peak voltage values reach up to kilovolts; therefore, performing measurements under these conditions could damage the current transformer. However, it can be assumed that the current transformer model, which proved successful in the evaluation of other operating states, also gives satisfactory results in the event of opening the secondary circuit.




3.1.7. Cores Consisting of Different Magnetic Materials


The improvement of current transformer measurement properties (Table 1 and Table 2) without changing their dimensions requires the use of high-quality magnetic materials. That is why constructors carry out investigations of constructions of combined toroidal cores concerning nanocrystalline cores [25,27,28,51] (Figure 14).



The advantage of nanocrystalline materials is a much higher magnetic permeability value than of electrical steel at the beginning of the magnetization characteristic (Figure 15a). Using a core made of nanocrystalline material allows us to significantly reduce the transformation errors of current transformers (in the initial range) and obtain a low safety factor FS. Figure 15b presents the calculated resultant magnetization characteristics with the use of different proportions of the nanocrystalline material and electric steel in the toroidal core.



However, a serious disadvantage is the low value of their saturation induction. This causes an increase in current transformer transformation errors at great primary currents and high loads. The way out of this situation is by using cores made up of both electrical steel and nanocrystalline material.



Two types of current transformers are selected as examples: 200 A/5 A (Figure 14) and 100 A/5 A (Figure 16).



Designers using the field-circuit simulation method can accurately predict the distribution of the magnetic field in both parts of the core from different materials (Figure 14), as well as accurately determine the transformation errors determining the class (Table 1 and Table 2, Figure 17) of the current transformer or equivalent magnetic characteristics of cores made of different materials (Figure 15b and Figure 16b) [25,27,28].



To solve the discussed issue, a Helmholtz-type equation written in a complex time-harmonic form should be applied (10)–(12).



The effects that can be obtained in cores made of electric and nanocrystalline tapes provide additional opportunities to improve the production of current transformers and create a new, better-quality generation of these devices with better parameters (Figure 17) [25,27,28].




3.1.8. Shaping the Insulation System of High- and Medium-Voltage Transformers


The correct design of an instrument transformer that meets the accuracy criteria of the required class in the case of high- and medium-voltage transformers is insufficient. Insulation plays an important role here. High- and medium-voltage instrument transformers pose many problems related to the electrical strength of the insulation, especially combined instrument transformers, where in one housing there are current and voltage transformers with diametrically different electric potentials next to each other.



The instrument transformer insulation system consists of metal electrodes and elements of solid (paper, capacitor foil, epoxy resin) and liquid (transformer oil) or gas insulation (SF6). Medium-voltage transformers (up to 50 kV) require resin insulation, while high-voltage insulation is paper-oil or SF6 gas insulation.



A properly designed insulation system should provide the required electrical strength (the maximum electric field strength should be lower than the permissible values) and at the same time not excessively increase the mass and volume of the instrument transformer.



Problems are caused by too high electric field strength values causing insulation breakdown and uneven field distribution causing partial discharges. The insulation should be designed appropriately, and the appropriate strength insulation materials should be selected to avoid this. A proper selection of shapes of system elements and electrostatic screens (at high and low potential) is used.



The importance of these problems is evidenced by the great interest of researchers and numerous publications, some of which are cited in the references [53,54,55,56,57,58,59,60,61,62,63]. Some publications (not listed here) concern insulating materials and their chemical properties (e.g., synthetic and mineral, biodegradable transformer oils). Many articles focus on research [54,55,58,59,60], such as impulse tests of insulation (lightning impulse voltage 1.2/50 s), tests with 1 min voltage with the fundamental frequency, and measurements of partial discharges [58,59]. There are also articles using analytical models of instrument transformer insulation [61].



Field calculations are helpful for the constructor, which allows the design stage to shape the designed device in such a way that there is no possibility of breakdown and partial discharges [53,56,57,61].



The electric field in an insulation system (after introducing the scalar electric potential E = −∇V where E is the electric field strength) is described by Laplace’s Equation (8).



Calculating the electric field distribution in the instrument transformer insulation allows for assessing its resistance to breakdown and the formation of partial discharges. The aim of the improvement of the design is to obtain greater electrical strength and higher-rated power with the same accuracy class and assuming the same external dimensions. Of course, this also needs to be considered economically.



The instrument transformers’ insulation systems must be modeled to ensure that the permissible electric field strength (electrical stress) has not been exceeded in the materials and that the homogeneity of the electric field is maintained. It is possible to introduce electrostatic screens and change the insulating materials to those with higher electrical strength. The fulfillment of these conditions eliminates breakdowns of insulation and partial discharges.



Medium-voltage instrument transformers as an example [57] (Figure 18):



As a result of the calculations, it turned out that the highest stresses occur in the areas of the corners of the primary coil in the insulation, which are made of trivolton H foils separated from each other by epoxy resin layers. When supplied with a 1 min 38 kV test voltage (Figure 19), they reach the value of 16.2 kV/mm in version 1 and 12.3 kV/mm in version 2 after the redesign. The redesign mainly involved a change in the core cross-section.



The computation done for the final version of the voltage transformer at the operating state (15:      3       kV) shows the average level of electric field strength to be 3 kV/mm and the peak values in trivolton, near the edges of the primary coil, to be 6.4 kV/mm.



High-voltage instrument transformers as an example (Figure 20):



The technology of insulating coils in the most advantageous version 1 requires more work than the more straightforward version 3 (Figure 21 and Table 12). It would be advisable to use screens to eliminate edge effects. However, there is no space in the window of the voltage transformer core, and enlarging the core would increase the dimensions, weight, and costs of the voltage transformer, which is uneconomical.



It is possible to compute the electric field distribution and then shape windings and insulation to reduce peaks of the electric field strength and estimate the electric strength.






4. Conclusions


Analysis of physical fields’ distributions using accurate numerical methods gives wide possibilities, especially for constructors of precision electrical devices, which require very high accuracy.



Building a prototype and testing is very costly and time-consuming, and it is not acceptable during optimization.



Therefore, it is extremely important first to conduct thorough experiments using computer software and to fine-tune the design as much as possible.



Thanks to the use the field method, the constructor can determine the properties of the designed device both during steady-state operation and in emergency and transient states before the prototype.



To meet the high metrological requirements of devices, when creating device models, real physical phenomena should be considered, and approximate analytical models (equivalent circuits) should not be used. It is especially important to take into account the nonlinearity of the characteristics of the magnetic materials used, which leads to the situation that the equations describing the problem are non-linear.



For instrument transformers, electromagnetic modeling is crucial for proper design.
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Figure 1. Equivalent circuits of (a) current and (b) voltage transformers, where I1, I2 are the complex primary and secondary current, I0 is the complex no-load current, IFe, Iμ are the complex no-load current components, U1, U2 are the complex primary and secondary voltage, respectively, R1, R2 are the primary and secondary winding resistances, respectively, X1r, X2r are the windings leakage reactances, RFe represents core loss, and Xμ is the magnetizing reactance. 
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Figure 2. Distribution of the magnetic flux leakage in the plane passing through the symmetry axis of a voltage transformer 15:   3   /0.1:   3    kV. 
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Figure 3. The distribution of the magnetic induction [T] in (a) the measurement current transformer 600 A/5 A with a toroidal core (b) the core of the protection current transformer of the 200 A/5 A in the steady state for the rated conditions. 
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Figure 4. Comparison of the (a) characteristics of the current error and (b) phase displacement from the calculations and tests for 600 A/5 A current transformers with a toroidal core at a power load of Sn = 2.5 VA. cosφ = 0.8 (Ipn = 600 A). 
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Figure 5. Distribution of magnetic flux density (T) in the cores of short-circuit current transformers 50,000 A/5 A in a transient state in: (a) time 0.01 s—peak 1 (135.24 kA) and (b) time 0.03 s—peak 2 (128.38 kA). 
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Figure 6. Relative percentage errors on selected current peaks for the prototype of the short-circuit current transformer 50 kA/5 A at Tp = 190ms, Kssc = 2.76 and load R = 0.88 Ω. 
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Figure 7. Calculated waveforms of (a) primary and (b) secondary short-circuit currents in the first stage cascade (coupling winding) and (c) the second stage cascade. 
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Figure 8. 3D model of toroidal protection current transformer TPZ with a ratio of 1200 A/1 A. 
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Figure 9. Distribution of the magnetic induction [T] in the core of the protection current transformer of the core with (a) 2, (b) 4, and (c) 8 air gaps (with the same total gap length δ = 24 mm) in the XY plane and (d) within the surroundings of the air gaps in the XZ plane at a transient state at time t = 0.054 s with the same primary current ip = 30   2    (cos314.16t − e−20t) kA. 
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Figure 10. Instantaneous current error versus time (in terms of secondary winding) for constructions of protective current cores with different number of air gaps (the total length of air gaps of cores was constant) at primary current ip = 30   2   (cos314.16t − e20t) kA. 






Figure 10. Instantaneous current error versus time (in terms of secondary winding) for constructions of protective current cores with different number of air gaps (the total length of air gaps of cores was constant) at primary current ip = 30   2   (cos314.16t − e20t) kA.



[image: Energies 15 08199 g010]







[image: Energies 15 08199 g011 550] 





Figure 11. 3D geometrical model of the measuring voltage transformer 2000 V/100 V. 
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Figure 12. Curve of the distorted primary voltage (where the first harmonic of 50 Hz amplitude is 100%—2000 V, and fifth harmonic of 250 Hz is 10%—200 V or 40%—800 V rated amplitude), and total harmonic distortion (THD) = 0.1 and 0.4. 
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Figure 13. Waveforms of the flux and secondary voltage, with an open secondary circuit and rated primary current, calculated for a 5 A/5 A laboratory current transformer. 
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Figure 14. Magnetic induction distributions [T] of measuring current transformers 200 A/5 A with core made from: (a) steel (b) combined steel and nanocrystalline material (20%) at the same primary current Ip = 200 A and load Sn = 7.5 VA (cosφ = 0.8). 






Figure 14. Magnetic induction distributions [T] of measuring current transformers 200 A/5 A with core made from: (a) steel (b) combined steel and nanocrystalline material (20%) at the same primary current Ip = 200 A and load Sn = 7.5 VA (cosφ = 0.8).



[image: Energies 15 08199 g014]







[image: Energies 15 08199 g015 550] 





Figure 15. Magnetic characteristics of (a) core materials (test) and (b) equivalent magnetic characteristics of cores made of different proportions of two different magnetic materials (20%, 40%, 60%, 80% nanocrystalline) (total height of core is constant) computed using the field-and-circuit method. 
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Figure 16. 3D model of a (a) measuring current transformer 100 A/5 A and (b) magnetic induction distributions [T] of measuring current transformers with a core made from nanocrystalline material at the rated primary current Ipn = 100 A and burden Sn = 2.5 VA, cosφ = 0.8. 
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Figure 17. Comparison of the results of the characteristics of the current error (a) and phase displacement (b) from calculations and tests for 100 A/5 A current transformers with a core made of transformer steel, nanocrystalline material and these materials combined in the proportion of 50% at the same load Sn = 2.5 VA, cosφ = 0.8 (Ipn = 100 A). 
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Figure 18. Two constructional variants of the same external dimensions of the voltage transformer 15:      3      kV/100:      3       V (a) before redesign and (b) after redesign. 
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Figure 19. Distribution of the electric field strength (V/mm) in the area of the voltage transformer 15:      3      kV/100:      3       V after redesign, under operating conditions (38 kV—1 min) (a) before redesign and (b) after redesign. 
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Figure 20. Distribution of the electric potential (V) (a) in the insulation system of the HV voltage transformer 110:     3       kV/100:     3       V and (b) distribution of the electric field strength 9 V/mm) in the core window. 
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Figure 21. Distribution of electric potential (ΔV = 5% Vmax) in the core window of the voltage transformer inductive with oil-paper insulation: (a) version 1, (b) version 2, (c) version 3. 
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Table 1. Standard classes of measurement current transformers according to IEC/EN 61869-2.
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Class

	
Current Errors

(±%)

	
Phase Displacement

(±min)




	
(±%) Ipn

	

	
1

	
5

	
20

	
100

	
120

	
1

	
5

	
20

	
100

	
120






	
0.1

	
—

	
0.2

	
0.1

	
0.1

	
0.1

	
—

	
15

	
8

	
5

	
5




	
0.2S

	
0.75

	
0.35

	
0.2

	
0.2

	
0.2

	
30

	
15

	
10

	
10

	
10




	
0.2

	
—

	
0.75

	
0.35

	
0.2

	
0.2

	
—

	
30

	
15

	
10

	
10




	
0.5S

	
1.5

	
0.75

	
0.5

	
0.5

	
0.5

	
90

	
45

	
30

	
30

	
30




	
0.5

	
—

	
1.5

	
0.75

	
0.5

	
0.5

	
—

	
90

	
45

	
30

	
30








Where Ipn is the rated primary current of the current transformer, i.e., the one for which it was designed and with which it should work (1) and (2).
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Table 2. Standard classes of measurement voltage transformers according to IEC/EN 61869-3.
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	Class
	Volrage Errors

(±%)
	Phase Displacement

(±min)





	0.1
	0.1
	5



	0.2
	0.2
	10



	0.5
	0.5
	20



	1.0
	1.0
	40



	3.0
	3.0
	—
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Table 3. Standard classes of protection current transformers according to IEC/EN 61869-2.
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	Class
	Current Errors

(±%)
	Phase Displacement

(±min)
	Total Error

(±%)





	5P
	1
	60
	5



	10P
	3
	—
	10







During the accuracy tests of the protection current transformers, the current is 5% or 10% of the rated current Ipn.













[image: Table] 





Table 4. Standard classes of protection voltage transformers according to IEC/EN 61869-3.






Table 4. Standard classes of protection voltage transformers according to IEC/EN 61869-3.





	Class
	Voltage Errors

(±%)
	Phase Displacement

(±min)





	3P
	3.0
	120



	6P
	6.0
	240







During the accuracy tests of the protection voltage transformers, the voltage is 3% or 6% of the rated voltage Upn.
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Table 5. Limits of error value of current protection transformers TPX, TPY, and TPZ.
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	Class
	Current Errors

(±%)
	Phase Displacement

(min)
	   Instantaneous   Peak   Error     ε ^     .   

(%)





	TPX
	±0.5
	±30
	±0.9



	TPY
	±1.0
	±60
	±1.8



	TPZ
	±1.0
	180 ± 18
	    ε ^   a c   =  10
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Table 6. Comparison of the results of calculations and measurements of the total leakage reactance of the windings of a voltage transformer with a coiled core, ratio 15:   3    /0.1:   3    kV and power 100 VA.
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	Numerical Calculations

[Ω]
	Analytical Calculations

[Ω]
	Measurements

[Ω]





	0.187
	0.188
	0.190
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Table 7. Errors of a non-linearized protection current transformer 200 A/5 A in the rated conditions in the steady state for S = 5 VA.
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Protection Current Transformer 200 A/5 A (δ = 0)






	
Current error ΔI [%]

	
Test result

	
−2.90




	
Field-circuit method

	
−2.92




	
Phase displacement φi [min]

	
Test result

	
93.0




	
Field-circuit method

	
87.9
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Table 8. Summary of the results of the prototype short-circuit tests 50 kA/5 A at the time constant Tp = 190 ms, Kssc = 2.76, and load R = 0.88 Ω.
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Relative Current Conversion Errors at Selected Peaks No. [%]:




	
Peaks No.

	
1

	
2

	
5

	
10

	
15






	
Computations

	
0.11

	
0.22

	
0.29

	
0.21

	
0.42




	
Test

	
0.05

	
0.18

	
0.72

	
0.35

	
0.45
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Table 9. Comparison of peak instantaneous alternating current errors of protective current cores with different numbers of air gaps obtained applying the field-circuit method and test.
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Number of Air Gaps

(Total Length of Air Gaps

δ = 24 mm)

	
Peak Instantaneous Alternating Current Error

     ε ^   a c     




	
Field-Circuit Method 3D

[%]

	
Test

[%]






	
8

	
9.7

	
11.4




	
4

	
7.2

	
8.6




	
2

	
*

	
*








*—the core is saturated, and transformation of current is incorrect (Figure 10).
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Table 10. Comparison of calculated and measured voltage errors of the tested VT at distorted voltage and load 2 MΩ.
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Transformation Errors

	
Secondary Winding




	
Measurement

	
Computation






	
Primary voltage 100% UN




	
Voltage errors [%]

	
0.15

	
0.15




	
Phase displacement [min]

	
0.93

	
2.4




	
Primary voltage 100% UN + 10%5H




	
Voltage errors [%]

	
0.15

	
0.14




	
Phase displacement [min]

	
−0.15

	
−0.69




	
Primary voltage 100% UN + 40%5H




	
Voltage errors [%]

	
-

	
0.13




	
Phase displacement [min]

	
-

	
−0.14
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Table 11. Peak values of the secondary voltage of the model transformer at rated primary current and opening the secondary circuit.
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Results of the Calculation of the Peak Secondary Voltage of the Current Transformer on the Basis of:




	
Field-Circuit Method [V]

	
Approximate Formula (20) [V]

	
Approximate Formula (21) [V]

	
Empirical Formula (22) [V]






	
918.0

	
2412.2

	
1414.2

	
1218.0 ÷ 3410.4
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Table 12. Maximum values of the electric field strength in paper-oil, in oil insulation, and on the surface of the paper-oil insulation in the considered voltage transformer.






Table 12. Maximum values of the electric field strength in paper-oil, in oil insulation, and on the surface of the paper-oil insulation in the considered voltage transformer.





	Version
	In Paper-Oil Near the Edge of the Primary Coil kV/mm
	On the Surface of the Paper-Oil

Insulation kV/mm
	In Tranfsormer Oil kV/mm
	Area Where Electric Field Strength Exceeded 5 kV/mm

mm2/





	1
	8.89
	0.5
	3.17
	42.5



	2
	8.36
	2.18
	4.04
	25.5



	3
	7.94
	2.00
	4.14
	25.0 m
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