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Abstract

:

Featured Application


The proposed method is useful to provide an uninterrupted power supply for the individual consumers equipped with distinct power generation facilities.




Abstract


This article presents an efficient method for prosumer connection to the distribution line. The prosumers can be connected to the distribution line using specially designed controllable reactive impedance. The reactive impedance is controlled using specially designed coils and magnetic core. The internal coil is wound in the toroidal direction (across the z-axis) and creates a toroidal shape. A thin ferromagnetic strip is coiled on this toroidal shape in the poloidal direction to form the ferromagnetic core. Then, an external coil is wound on this ferromagnetic core in the poloidal direction. The internal coil is controlled by the inductive impedance of the external coil, which is related to the anisotropic properties of ferromagnetic strips. The internal coil is connected between the power supply line and a prosumer. This arrangement confirms the magnetic independence of coils and the symmetry of the current in the internal coil. The magnetic coupling between both coils is very low (~0.015–0.017) and appropriate for engineering applications. It is approved that the impedance of the internal coil is changed due to the anisotropic magnetic properties of the core material.
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1. Introduction


In the present day, the consumers look to additional energy generation facilities (e.g., solar, wind) to fulfill their increasing energy demands [1,2,3,4,5,6]. Renewable energy produced by consumers can be utilized for themselves and can also be transferred as surplus energy to the distribution grid. Such consumers are termed as prosumers [7]. The electrical power generation from renewable energy sources is not always steady as it depends on environmental conditions [8]. Hence, efficient and accurate analog control is required. Such control should equalize the energy flow balance between prosumer needs and its generation ability by regulating power flows and prosumers in the distribution line [9].



Nowadays, several electronic control systems relate to the grid to monitor the real situation [10]. These systems determine the need to connect/disconnect load or to connect reactive power with the grid in case of voltage instabilities, shortening, or any other faults [11,12]. The sluggish response of control systems restricts the flexibility and efficiency of energy flow regulation [13]. In this case, the analog connection seems more efficient. The controllable reactance can adjust the energy flow smoothly and rapidly in both directions [14,15,16,17]. The magnetic amplifiers (MA) and magnetic circuits were widely used in power flow control systems [18,19,20]. These MAs are useful for numerous power systems because of several advantages, e.g., high temperature durability, reliability, simplified control circuit, good dynamic characteristics, and significant amplification effect [21,22,23,24,25,26]. The MAs are widely used in power distribution high voltage networks to control power flow and over-current protection [22,23]. In direct-drive wind turbines, the MAs are also used for permanent magnet synchronous generator control [24]. It is observed that these amplifiers improve the ride-through capability of the permanent magnet synchronous generator [25]. The MAs can operate at high frequencies as compared to analogous circuitry based IGBT devices [26]. Therefore, MAs can be successfully used for significant power circuitry as well as for relatively small applications. Several geometrical arrangements for MAs were suggested to diminish the induction effect [27]. The induction effect exists because of the induction of the AC coil on the other one. The major drawback of MAs is the non-symmetry and appearance of the offset in the current curve. The main reason is the shift of the initial point on the magnetization curve. To prevent the non-symmetry an off-set current is applied to split current flow for two paths, one in positive and another in a negative direction by diodes [28]. This solution requires a double reactance arrangement, as a result the device becomes bulky. In this scenario, the design with two perpendicular and magnetically independent coils seems more convenient than others. Different methods were proposed and discussed to develop magnetically independent coils [26,27,29]. One design is based on the suggested antiparallel arrangement of two magnetic cores [26]. However, these devices are bulky as both coils are wound on different cores. Qiu et al. proposed a specific design of the MA using flat magnetic rings for superconducting energy storage [30]. The separated magnetic rings are placed in the toroidal direction over the internal winding. The air gap between magnetic rings is one of the significant disadvantages of such designs [30]. To avoid the air gap problem, the MAs are designed using the laminated magnetic core [31,32]. The control coil is placed inside the laminated magnetic core. Our previous article discussed the advantages and disadvantages of the toroidal magnetic core with two perpendicular coils [33]. The simplistic design of MAs has benefits for modern applications.



This article presents an efficient magnetic amplifier (MA) for the smooth connection of prosumers to the distribution line. In the first step, the analytical approach is discussed for the estimation of magnetic coupling. After that, magnetic coupling and controllability of the proposed design are measured and investigated.




2. Method of Power Flow Control


The schematic diagram of power flow control is shown in Figure 1a. The prosumer load is connected to the grid through controllable reactance. The auxiliary generating module is connected to the prosumer to provide load requirements. Generally, auxiliary generating modules have a slow response and a relatively narrow range of regulation. Therefore, the fast regulation of power flow is preferable using the controllable reactance.



Let us consider that a coil is wound on the magnetic core. The magnetic characteristic of the core is explained in Figure 1b. The current ( I ) induced by AC voltage ( V ) is represented as:


  I =  V   X L    =  V  ω L   =   V  R m    ω  N 2     



(1)




where  ω  is frequency,    X L    is the reactance, N is the number of coil’s turns, and    R m    is the magnetic reluctance. The magnetic permeability of core material (μ = dB/dH) is varied with the location of different working points and becomes smaller as the voltage enhances. Therefore, an additional excitation coil on the same core can regulate the working point and current. The excitation current in the second coil controls the impedance of the first one.



The impedance variations due to the non-linear magnetic curve are used in the traditional MAs (Figure 1b). The DC current of one of the magnetically independent winding shifts a working point of another winding from one position to another (WP1 to WP2). The derivative at point WP1 is much smaller than derivative at WP2 due to the strong non-linearity of a function B = f(H). However, the use of the nonlinear behavior of the B-H curve leads to high harmonics, large total harmonic distortion (THD), and a current offset. These distortions are responsible for poor electricity quality and low service duration of AC motors and transformers. The method to modify the magnetization curve by a control current seems more efficient, compact, and cheaper. This method originated from the fact that the magnetic anisotropy depends on the magnetization orientation [34,35,36,37]. The largest permeability is obtained in the longitudinal axis of magnetic strips, whereas the lowest permeability is observed in the perpendicular direction of the largest magnetization. This arrangement allows for impedance control by altering the B-H curve. In this method, the change of DC current in one winding (designated as a control coil) causes the shift of magnetization vector angle of another winding (designated as a working coil) in the direction from maximum to minimal permeability that provides the corresponding decrease of the working coil impedance. It is important to emphasize that the initial working point always remains at the beginning of the B-H axes. Therefore, the symmetry of a working coil current is ensured.




3. Materials and Methods


3.1. Proposed Designs


In this work, a specific method is proposed to design coils with perpendicular magnetic fields. Figure 2a,b show the schematic of the proposed design. Initially, the inner coil is wound in the toroidal direction to produce a toroidal shape. After that, a thin ribbon of ferromagnetic steel is wound on this toroidal shape in the poloidal direction to form the ferromagnetic core. The outer surface of the core should be isolated, and an external coil is wound in the poloidal direction (Figure 2b).



The winding parameters of internal coil are: N = 260 turns, diameter of wire (d) = 1 mm, RDC = 1.27 Ω, R50Hz = 28.9 Ω, L50Hz = 931 mH, whereas N = 1509 turns, d = 0.3 mm, RDC = 21.1Ω, R50Hz = 121.9Ω, L50Hz = 836.6 mH, for the external coil. The ferromagnetic core is designed using multiple ribbon sections. Two closely placed segments are attached by micro-welding. The thickness of ribbon section is 0.1 mm. The degree of independence between perpendicular windings is studied analytically and experimentally in the following sections.




3.2. The Analytical Background for the Calculation of Magnetic Coupling


This section presents the analytical background for the calculation of magnetic coupling. A preliminary analysis of magnetic coupling was discussed in our previous work [33]. Figure 3 demonstrates the equivalent circuit of the proposed MA. The equivalent first harmonic of current is employed for the analytical description. Despite having additional harmonics in the current, this method gives enough accuracy for the magnetic coupling assessment discussed in this work. Generally, the standard Kirchhoff equations can be applied for the analytical analysis.



The equivalent circuit is expressed as the following set of equations with phasor variables and parameters:


    V ˙  1  −   I ˙  1   (   R 1  + j  X 1   )  + j   I ˙  2   X m  = 0  



(2)






  −   I ˙  2   (   R 2  +  R L  + j  X 2   )  + j  I 1   X m  = 0  



(3)




where    X 1  = ω  L 1   ,    X 2  = ω  L 2   ,      X m  = ω  L m   . The dot over symbols represents the phasor variables. The inductive coupling (   K  c o u p l e    ) is estimated using    X 1   ,    X 2   , and    X m    as follows [38]:


   K  c o u p l e   =    X m       X 1  ⋅  X 2       



(4)







Now, the important question is how to measure all inductances (   X 1   ,    X 2   , and    X m   ). In our previous work [33], we suggested that the open-circuit test can be applied to assess magnetic coupling. For this purpose, Equations (2) and (3) are rearranged for the open-circuit case (I2 = 0) as:


   {        V ˙  1  −   I ˙  1   (   R 1  + j  X 1   )  = 0       −   V ˙  2  + j   I ˙  1   X m  = 0        



(5)







And after simplification:


   X m  =     V ˙  2    j   V ˙  1     (   R 1  + j  X 1   )   



(6)







Since the magnitude of    X m    is the real number the angle φT = 0 it provides the following expression for the estimation of    X m    through the open-circuit test:


   X m  =    V 2     V 1       R 1 2  +  X 1 2    =    V 2     V 1     Z 1   



(7)








3.3. Experimental Setup


The experimental setup for the measurement of magnetic coupling is shown in Figure 4a. The experimental setup includes a voltmeter, ampere meter, wattmeter, TRMS leakage clamp with power functions (MD 9272, Metrel Co.) [39], and a digital multimeter (APPA 98IV, APPA Technology Corp.) [40]. The resistivity and inductivity of coils were measured using a handheld LCR Meter (U1732C, Keysight Technology) [41]. An autotransformer connected with a step-down transformer was also used for better control of the relatively small voltages. The coupling coefficients were measured according to an analytically developed procedure (Section 3.2). The parameters (   X m   ,    X 1   , and    X 2   ) were measured using open-circuit and short-circuit experiments. The     X ˜  2  ≅  X 2  +  X m    is measured during open-circuit measurements when the voltage with appropriate magnitude and 50 Hz frequency is applied on the second coil. The current’s magnitudes (   I 1    and    I 2   ) were calculated through a short-circuit test. The resistances (R1 and R2) were measured with the DC current. The measurements of resistances and inductivities were carried out with the 891 Bench LCR meter [42]. For controllability measurement, the coil setup is immersed in liquid nitrogen (77 K) to minimize resistance (Figure 4b).




3.4. Controllability


The controllability analysis of the proposed design is important for the determination of the range of possible applications. It can be estimated using the change of working winding impedance by the DC current in the control coil. The equivalent circuit of working winding with the experimental setup is represented in Figure 5.





4. Results and Discussion


4.1. Magnetic Coupling


Figure 6a illustrates the relationship between impedance and resistance with the current for internal and external coils. It is important to point out that the external coil remains open circuit during the internal coil measurement and vice versa. It is observed that the impedance of both coils decreases as the current increases. The peculiarity of the magnetic curve can explain the initial decrease of impedance. The magnetic saturation is also responsible for the reduction of impedance and reactance with the current amplification. Another possible factor is the appearance of high current harmonics.



The relation between impedance and current can be approximated by the exponentiation function:


  Z = a  I b   



(8)




where coefficients   a =    23563 and   b =    −0.801 for the inner coil, whereas   a =    5945.2 and   b =    −0.542 for the outer coil. The approximation coefficient (   R 2   ) is more than 0.99 for both coils.



Figure 6b presents the coupling coefficient (   K  c o u p l e    ) versus current in the internal coil. The magnetic coupling increases (~11%) as the current in the internal coil is enhanced. However, the coupling coefficient varies only ±5.5% from the average value (~0.0158) and remains constant with a relatively low magnitude. It is applicable to the controllable impedance design. The coupling coefficient can be expressed by a cubic polynomic function:


   K  c o u p l e   = 3 ⋅   10   − 8    I 3  − 3 ⋅   10   − 6    I 2  + 8 ⋅   10   − 5   I + 0.0148  



(9)







The coefficient    R 2      is equal to 0.98.




4.2. Resistance and Reactance of Coils


The resistances of both coils in the equivalent circuit are determined by the net DC conductivity, skin-effect influence, and ferromagnetic losses (eddy current and hysteresis). The resistances of both coils are shown in Figure 7a,b. The DC resistance values of both coils are 1.3 Ω and 21.3 Ω for internal and external coils, respectively. The DC resistance constitutes a small portion of the equivalent values. The diminished hysteresis losses explain the resistance drops with an increase of the current. The equivalent resistances of both coils may be described by the exponential function like (8). The expressions are shown in Figure 7a,b.



The experimental studies show that the reactance of both coils is very similar to the impedance since total losses in these coils are relatively small. The external coil reactance is almost equal to the impedance and is 99% of the impedance. The reactance of the internal coil is 91–95% of the impedance.




4.3. Controllability


Figure 8 represents the I–V curve of control winding immersed in liquid nitrogen. For the measurement, the control DC current is changed from 0 to ~9400 mA. The calculated resistance of working and control coils are ~0.174 Ω and 2.74 Ω, respectively (Figure 8). Copper losses can contribute a significant portion of total ones and interfere with the estimation of ferromagnetic losses. The coil is immersed in liquid nitrogen to minimize resistance influencing the copper losses. It provides the opportunity to increase the magnetic field of the control winding significantly, and the resistance of the working coil remains minimum.



The impedance and THD% were measured for different AC current of 1A, 2A, and 3A as a function of DC current. The impedance of working winding is shown in Figure 9a. It can be observed that the impedance of the working coil is changed ~ 6 times for the AC current of 1A and ~3 times for the current of 3A. These results confirm the possibility of changing the energy flow to some extent in the distribution grid and a prosumer. The characteristics of the AC current should be verified considering the presence of non-linear magnetization curves of the core. Figure 10 represents AC current shapes for DC control current of 8120 mA and 0 mA. It is observed that the current curve is distorted from a simple sinusoid curve because of the nonlinearity of the magnetization curve. The designer of a power circuit should know these circumstances and consider them in the project development.



The distorted behavior of the current is assigned to the higher THD coefficient. The THD coefficients for different DC currents are represented in Figure 9b. It is observed that the THD coefficient is higher for the lower control DC current.




4.4. Parameters of the Equivalent Circuit


Equivalent circuit (Figure 5) parameters represent important information for the development of magnetic switching devices. The    R 1    is the active resistance of the coil and can be estimated through DC measurements of the coil resistance. The inductivity (   L μ   ) can be measured using special devices [43]. The resistance of magnetic losses (   R μ   ) for 50 Hz can be obtained from Figure 8. It should be noted that the magnetic losses strongly depend on frequency variations. In the proposed design, the leakage flux for coils placed in ferromagnetic tubes is less than 1%. Therefore, it can be neglected for most applications. If it is necessary to consider the leakage flux, then it can be estimated as ~1% of the main inductance. Figure 11 shows the magnetic core losses at 50 Hz as a function of voltage.





5. Discussion


This work proves that the controllable magnetic impedance can be achieved by creating coils with perpendicular magnetic fields in the specially designed tubular frame. The orthogonality of coils ensures their magnetic independence. The magnetic cores designed from separated thin ribbons strips seem more promising for the design of orthogonal magnetically independent coils. This framework provides one coil with a controllable and wide range of impedance, while another magnetically independent coil can control the first one.



The magnification of impedance depends on the current and may achieve magnitude 10–15 times. It is enough for the applications. Here, we also want to point out that a small coupling (~0.015–0.017) always remains and depends on the core design. This small coupling allows the DC current in the control winding without special current sources and straightforward from an electronic controller. The magnetic non-isotropy of the ribbon exhibits higher permeability in the longitude axis than that of the latitude axis. This circumstance allows the controllability of AC coil impedance and, therefore, the flow of current through it by shifting the magnetic field of a working winding from the direction with the highest permeability to the lowest one. The proposed solution is important for the distribution lines and smart grids enriched by numerous individual power generation facilities (e.g., solar, wind, etc.). In case of any fault or emergencies, the consumer can be disconnected from the grid using substantial impedance. During this period, the consumer is supported by energy generation plants and remains in the weak galvanic connection to the grid. The consumer again connects to the grid as soon as the fault or voltage instabilities are rectified. The connection and disconnection processes take place smoothly without any problems caused by the non-synchronization of phase and frequency.




6. Conclusions


In this article, we studied the special design of orthogonal magnetic coils to produce controllable impedance. The DC current one (control) coil regulates the impedance of another one (working) coil. The degree of magnetic independence between perpendicular coils is in the range of 0.015–0.017 only. The controllability is also verified with experimental investigations. The impedance of the working coil can alter 10–15 times the initial value through the control current. It is applicable for regulating the power flow between the grid and a consumer. The equivalent resistance of the working coil is responsible for the heating represented mainly by ferromagnetic losses. Henceforth, the investigation of ferromagnetic steels should be organized to develop new materials with more anisotropy of magnetizing curves and lower losses. The electrical influence between the grid and the consumer can be significantly diminished during fault situations, and the connection remains uninterrupted. The prosumers return to usual feeding without problems caused by non-synchronization between the phases/frequencies of generators and the grid.
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Figure 1. (a) The schematic of load power regulation through controllable reactance, (b) Non-linear magnetic curves of controllable reactance for different DC currents in the control winding [B is magnetic flux density, φ is magnetic flux, l is the average path of magnetic lines in the core, A is cross-section of core, H is field strength, I is current in the coil, WP1 is working point at I1, and WP2 is working point at I2]. 
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Figure 2. Schematic representation of principle to create two perpendicular coils (a) internal winding covered with ferromagnetic ribbon, (b) external coil on the ferromagnetic core. 
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Figure 3. Equivalent circuit of two coupled magnetic coils [AC: controllable voltage source; ω: frequency of voltage source; R1, R2: equivalent resistances of coupled windings; Lσ1, Lσ2: inductivities of magnetic leakage paths in both coils; Lσm: mutual inductance between windings; A/V: tester for voltage and current measurements]. 
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Figure 4. (a) Experimental setup for coupling measurement, (b) coil immersed in liquid nitrogen. 
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Figure 5. The equivalent circuit of the experimental setup for coil controllability measurement: R1—pure ohmic resistance of a working coil; Lleak—inductance of a leakage magnetic field; Rμ—resistance representing energy losses in the core; Lμ—inductance of the coil; Ic—coil current; Iloss—current representing core losses; Iμ—magnetization current. 
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Figure 6. (a) Impedance of the internal and external coils. The external coil remains open circuit during the measurement of the internal coil and vice versa. (b) Coupling coefficient as a function of current in internal coil. Solid lines represent the approximation. 
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Figure 7. Equivalent resistance of (a) external coil and (b) internal coil. Solid lines represent the approximation. The approximation coefficient (   R 2   ) is more than 0.99. 
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Figure 8. I–V curve of control winding. The resistance is calculated using the I–V curve. 
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Figure 9. (a) Working coil impedance versus DC control current. (b) total harmonic distortion (THD) of a working current depending on DC control current. 
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Figure 10. Voltage-current shapes for different DC control currents (a) 8120 mA, (b) 0 mA. 
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Figure 11. Equivalent parallel resistance (for 50 Hz), which is designated as magnetic core losses. 
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