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Abstract

:

Power flow in three-phase distribution grids containing single-phase prosumer voltage sources strongly depends on the RMS value of the voltage of these sources and their phase shifts in relation to the grid voltage. The ideal way to control single-phase prosumer sources should guarantee no return active power to the MV grid through a distribution transformer and no additional reactive power flows in the LV grid. This means that the active power of the one-phase voltage source is consumed by other single-phase customers (in the same phase or in other phases) and the reactive power of this source is equal to zero. The paper presents the results of the investigations of the dynamic control system of a single-phase voltage source that allows meeting these conditions. On the basis of steady-state calculations, the static characteristics of the above-mentioned control, needed to determine of the proper working point of a prosumer source were also obtained. The control process involves the control of the RMS value and phase angle of the voltage source against the phase voltage of the LV grid, to which the source is connected, with simultaneous control of the current phase angle issued by the power source against voltage. The result of the research is the confirmation of the necessity of using a zig–zag connection of the secondary side of distribution transformers. The developed control system of the prosumer voltage source does not fully control the active power of individual phases of the distribution transformer. The paper shows that the power losses in a distribution transformer strongly depend not only on the active power of the prosumer source, but also on its effective voltage and phase in relation to the transformer voltage.
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1. Introduction


The issue of controlling the active and reactive powers of transformer phases is known in the literature. In [1], real and reactive power flows are independently controlled by injecting a compensating voltage in series with the transmission line from the transformer. Injection of the compensating voltage is realized through a “Sen Transformer” by controlling its voltage and phase angle. In [2], the configuration of a hybrid transformer is presented, which is to provide good energy quality in distribution grids integrating distributed generation from renewable energy sources (RESs) and non-linear loads. The proposed system covers a three-phase distribution transformer with secondary windings arranged as an open-end configuration and a three-phase inverter with a floating DC bus. This power conversion system can be exploited to perform a voltage control at the distribution grid edge, a reactive power management, and harmonic pollution mitigation. In [3], the effect of automatic voltage control (AVC) of a transformer on the quality of electric energy in the grid is discussed. The solution for online computation of the sensitivity of tapping point transformer voltage regulation, controlling the main transformer unloaded tap position and adjusting the AVC control parameters, are put forward. Authors suggested various methods of control, such as computing the sensitivity of tapping point voltage regulation online, resetting the no-load tap position of the main transformer, adjusting the AVC control parameters, or weakening the loss-reducing objective.



In this paper, instead of controlling the transformer phase voltages, controlling the amplitude and phase of the prosumer voltage is proposed. The control of power flows in the distribution grid with the use of single-phase RESs is something new. The authors present results of the simulation of control of the prosumer energy source, meeting the conditions of minimizing power losses in the transformer.



The issue of transformer operation with asymmetric or non-linear loads is known in the literature too [4,5,6,7]. The main purpose of these considerations is to determine the power losses in the transformer, active and reactive power flows, and transformer currents [8]. The issue of controlling single-phase inverters for RES appears mainly in application to their cooperation with single- or three-phase grids [9] or integration of multiple single-phase RESs and the control of power flow from them to single-phase electricity consumers and storage facilities [10]. Multi-winding single-phase transformers to which single-phase electricity sources, loads, and storages are connected are used in these situations [11]. Frequencies much higher than the mains 50/60 Hz are also often used [9,10], because all energy sources, consumers, and energy storages are connected to the three-phase transformer by single-phase inverters. The control of single-phase load inverters in the three-phase grid appears also in the context of the limitation of asymmetry of currents and voltages of the three-phase grid, caused by the single-phase nature of these loads [12]. The problem of selection of connections of three-phase transformer windings for non-linear loads is also considered in terms of minimizing power losses in the transformer [13]. This is a problem similar to the one considered in this paper, but in [13], the problem of the presence of a voltage source connected to the transformer on the secondary winding was not considered. It was found that the wye–wye–open delta arrangement enabled the recovery of a higher-harmonic’s power in the load connected to the open-delta winding.



The problem of proper inverter control for RESs is also considered in publications on stability of LV grid operation and appropriate inverter control for RESs in this context [14,15,16]. Solutions to these problems depend on the impedance of the LV grid and on the short-circuit impedance of the transformer connecting the MV grid with the LV grid. The proposed solution is, e.g., inverter control, which minimizes power and currents oscillations in the grid with single-phase RESs [14].



The reason for undertaking this subject is a dynamic increase in the amount and power of renewable energy sources installed at prosumer customers. This leads to bringing the power generation points closer to the consumers, which generally reduces the load on the distribution grid. However, if all the generated energy is not consumed by a prosumer, a situation occurs where the excess energy is released to the distribution grid by a three-phase transformer. The energy produced in one phase (by a prosumer) generally is not consumed by other single-phase consumers of the distribution grid, but is fed into the MV grid through a transformer, most often in the same phase. The single-phase power receivers connected to other phases of the LV grid, consume electricity from the MV grid through the other phases of the transformer. This causes unnecessary power losses in the MV line, distribution transformer, and LV grid. It should also be noted that the installed protective devices of the distribution transformers often work badly in a reverse flow of power (from the LV side to the MV side of the transformer) [17,18].



The object of the tests was a model of a three-phase distribution transformer with windings allowing changing the connection on both sides. This transformer co-operated with a controlled single-phase sinusoidal voltage source connected to one phase of the LV side and resistive (R) or resistive–inductive (RL) loads in the other two phases, at the rated supply of the MV side. The tests were conducted for the following:




	1.

	
Determining the proper connection of the distribution transformer windings, which guarantees the possibility of the flow of active power from the prosumer to the loads connected to the LV distribution grid while maintaining the symmetry of the transformer phase voltages.




	2.

	
Determining the control system of the phase angle and RMS value of the voltage source supplying one phase of the LV side of the transformer, for which the electrical power will not be supplied to the MV grid but will be consumed by the loads in the other phases of the LV side.









If both conditions are met, power losses in the transformer and transmission losses in the MV grid will be minimized.



The article confirms [19,20] that the zig–zag connection of the LV side of a distribution transformer eliminates voltage fluctuations caused by voltage sources on the secondary side of the transformer. The article shows that the control of the amplitude and phase of a single-phase voltage source connected to the LV side of a distribution transformer enables the reduction of the active power output by the transformer to the MV grid and power loss in the transformer. It has been shown that the amount of power loss in a transformer depends not only on the power of a single-phase source but also on the amplitude and phase of its voltage.



The paper is organized as follows: Section 2 presents the transformer model used in simulations. Section 3 presents the results of research on the impact of the arrangement of transformer windings (on both sides) on its operation in the situation of additional supply of one phase of the secondary side through a voltage inverter from the prosumer installation. These studies were carried out for a real distribution transformer, where magnetizing inductance for the 0 component of voltages and currents is greater than zero (Lμ0 > 0). Section 3 also presents the effects of operation of the proposed system of automatic control of transformer’s phase powers, in dynamic and static terms. The aim of the control system is to reduce the active power issued by the transformer to its power supply (i.e., to the MV grid in distribution transformers). Section 4 deals with the power losses in the transformer, under different control conditions. Section 5 draws the conclusion and subject of future research.




2. Materials and Methods


During the simulation, the symbolic equations of a linear model of a transformer with a three-column core were solved. The calculations were made for the steady state for different connections of windings on both sides of the transformer. A linear magnetic model (with constant inductances) was adopted because the non-linearity of magnetization does not affect the currents, voltages, and power distribution in the transformer supplied with the rated voltage [21,22]. Due to the rated voltage supplying the transformer, the power losses in the core were omitted as relatively small in a loaded transformer and also constant in all the examined situations. The MATLAB package was used to solve the equations numerically. A model of a distribution transformer with the following data was used for calculations: SN = 630 kVA, U1N = 15 kV, U2N = 400 V, Dyn5, I1N = 24.5 A, I2N = 910 A, fN = 50 Hz. Rated power losses in the windings, i.e., the rated load losses, ΔPCuN = 76 kW.



Matrix equations, Equations (1) and (2), represent the model of the transformer and loads with prosumer voltage sources. Parameters of the transformer, voltages, and currents of the LV side were converted to the voltage level of the MV. Additional equations, depending on the transformer windings’ connection, are the equations of voltage–current constraints of the transformer sides. When connecting the LV side in a zig–zag, the resistance of the LV side phases was increased by 15.5%, due to a higher number of turns. For the same reason, the leakage inductance of the LV side was increased by 33.3%. The zig–zag winding was considered as two wye windings on the LV side, so the transformer was calculated as a three-winding transformer.
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where



U1A, U1B, U1C—phase voltages supplying the MV side (as complex numbers),



I1A, I1B, I1C—phase currents of MV side of the transformer (as complex numbers),



R1—phase resistance for the MV side,



Xσ1—phase leakage reactance for the MV side,



Zσ1 = R1 + j·Xσ1,



RN—resistance of the neutral conductor of the MV side (RN = 0 for star with neutral conductor or for delta, RN = ∞ for star without neutral conductor—in calculations RN = 10 kΩ).



X1m—main reactance of the phase winding for the MV side, and at the same time, the mutual reactance between the MV and LV phase windings, located on the same column,



XM12—mutual reactance between the phase windings of the MV side, located on columns 1 and 2, equal to the reactance between the phase windings of the LV side, located on columns 1 and 2,



XM13—mutual reactance between the phase windings of the MV side, located on columns 1 and 3, equal to the reactance between the phase windings of the LV side, located on columns 1 and 3,



XM23—mutual reactance between the phase windings of the MV side, located on columns 2 and 3, equal to the reactance between the phase windings of the LV side, located on columns 2 and 3,



   U  2 A  ′   ,    U  2 B  ′   ,    U  2 C  ′   —phase voltages of the LV side (as complex numbers), converted to the voltage level of the MV side (   U 2 ′   = U2 ∙ ϑ),



ϑ—turn ratio of the transformer: ϑ = z1/z2 ≈ U1Nphase/U2Nphase,



I2A’, I2B’, I2C’—phase currents of LV side (as complex numbers, converted to the voltage level of the MV side (   I 2 ′    = I2/ϑ),



   R 2 ′   —phase resistance of the LV side, converted to the voltage level of the MV side (   R 2 ′   = R2 ∙ ϑ2),



   X  σ 2  ′   —phase leakage reactance of the LV side, converted to the voltage level of the MV side (   X  σ 2  ′    = Xσ2 ∙ ϑ2),



   Z  σ 2  ′    =    R 2 ′    + j·    X  σ 2  ′   ,



   Z  L A  ′   ,    Z  L B  ′   ,    Z  L C  ′   —phase load impedances of the LV side, converted to the voltage level of the MV side (   Z L ′   = ZL ∙ ϑ2); in calculations:    Z  L A  ′    = 0,    Z  L B  ′    =    Z  L C  ′   ,



   U  P A  ′   ,    U  P B  ′   ,    U  P C  ′   —phase voltages of the prosumer voltage sources (as a complex numbers), converted to the voltage level of the MV (UP’ = UP ∙ ϑ); in calculations:    U  P A  ′    ≠ 0,    U  P B  ′    =    U  P C  ′    = 0.



For arrangements Y0z0, Yz0, Dz0, it is assumed that the transformer is a three-winding transformer, with the coils of two (identical) secondary windings connected with each other to form the phases of the zig–zag secondary winding. In order to maintain the rated voltage of the secondary winding of the transformer, the number of turns of each phase of the secondary winding was increased by 2/√3, i.e., by 15.5%, with respect to the number of turns of each phase of the secondary winding transformers, Y0y0, Yy0, Dy0.




3. Results


3.1. Determining the Correct Connection of Transformer Windings


Table 1 shows the results of calculations of the power and currents of three-phase transformers with different associations of both sides. The calculations concern the situation of supplying the A phase of the secondary side with a voltage source and loading the B, C phases with an identical load of R or RL type. When analyzing the results in Table 1, the following conclusions can be drawn:




	1.

	
The Y0y0 transformer gives active power in phase A of the MV side to the grid and draws it in the other two. In this case, it can be considered that the three-phase transformer works as three separate single-phase transformers.




	2.

	
The Yy0 transformer consumes the same active power in all three phases of the MV side. This means that the voltage source connected to phase A of the LV side consumes active power. After changing RMS value and phase angle of the voltage of this source to U2A = 1.2·U2Nphase, φ2A = –20°, the transformer works in such a way that the power is delivered to phase A of the LV side and taken by receivers connected to the other two phases. However, this causes a significant level of phase voltage asymmetry. The transformer phase voltages are, successively, for phases A, B, C: 105%, 73%, 129% UNphase. This results in a significant difference between the power on phase B (12%) and phase C (51%) receivers, despite their identical impedances.




	3.

	
In a Dy0 transformer, most of the power supplied by the voltage source in phase A of the LV side is consumed by loads in the other two phases of that side. The power supplied to the MV grid in phase A is approximately zero (7%) and the effective active power consumption in both other phases (B, C) is reduced (24% and 20% instead of the expected 31% in each phase). This is due to the zero-sequence current in the delta-connected windings on the MV side. This zero component transfers the active power from phase A to phases B and C, and then this power is transformed back to the corresponding phases of the LV side. The total active power drawn from the MV side of the transformer is exactly the same as in the Y0y0 (32%), but the power of the individual phases is lower.




	4.

	
The calculation results obtained for transformers Y0z0, Yz0, Dz0 are identical. Most of the power supplied to phase A of the LV side goes to loads in the phases B, C of the LV side. The 4% active power is supplied to the MV grid (in the phase A of the MV side). The power consumption in phase B is 2% only. This is due to the appearance of the zero-sequence components of the currents on the LV side. It transfers power from the supplied phase A of the LV side to the phases B, C (mainly to phase B). The zero-sequence components of currents do not appear on the MV side of transformers Y0z0 and Dz0. The transformer phase voltages are symmetrical, same as voltages line-to-line. Power losses are the same as in other connections, in spite of the increased (by 15.5%) resistance of LV side phase windings, due to a higher number of turns of the zig–zag winding.




	5.

	
In an ideal three-phase and three-column transformer, the zero-sequence currents do not appear on the primary side of the transformers at all [19]. In the ideal transformer equivalent circuit for the zero-sequence component, it is closed by the transverse branch of this circuit, because the impedance of this branch is zero (Lμ0 = 0 → Xμ0 = 0). Therefore, the obtained results are identical for various arrangements of the primary winding—the arrangement does not matter, because the zero-sequence currents do not appear on the transformer primary side. However, in a real three-column transformer, Lμ0 is very small (typically about 5% Lμ), but not zero, and this situation allows the appearance of the zero component currents on the transformer primary side.









It can be assumed that the active power from the supplied phase of LV is transported to the loaded phases by the zero-sequence currents. However, with the Y0y0 connection, this component can get out to the power source, and therefore the power is released to the MV grid. With the Yy0 connection, the power is transported between the phases of the LV side causing the asymmetry of phase voltages. When transformer Dy0 is used, the current’s zero components are on both sides of the transformer, while the transport of active power is provided by the current’s zero components in the delta-connected windings on the MV side. When connections Y0z0, Yz0, Dz0 are used, the current’s zero components are on the LV side only, which means that the method of windings connection on the MV side is not important for the power transmission process. These conclusions coincide with those obtained in [19]. Yz0 and Dz0 connections should be considered to be the best of the analyzed connections. They ensure the transport of the largest part of the active power from the supplied phase of the LV side to the loads connected to the phases B, C of the LV side. These connections maintain the symmetry of transformer phase voltages better than Dy0 and much better than Yy0.




3.2. Control of Power in the Transformer


On the basis of the results obtained, the Yz0 transformer was adopted for further simulations. The control quantities were RMS value and phase angle of the sine wave voltage supplying the phase A of the LV side. The controlled values were active power P2A supplied to phase A of the LV side (the control system is to maintain constant value of this power) and active power P1A of phase A of the MV side (the control system has to maintain a non-negative value of this power, i.e., prevent return of the active power to the MV grid in this phase).



The variability of both these powers as a function of the RMS value of the sine wave voltage supplying phase A of the LV side is shown in Figure 1. It shows that the control process of these powers is practically linear. Phase control of both powers is approximately linear (Figure 2). Similarly, the dependence of the phase’s power of the transformer’s primary side on the power delivered by a prosumer source is linear (Figure 3) or can be considered linear (Figure 4). For these reasons, it was decided to use a control system based on two PI controllers. The first adjusts P2A active power by controlling the RMS value of the voltage U2A, the second adjusts P1A active power by controlling the phase angle of that voltage (Figure 5).



Figure 6 and Figure 7 show examples of the dynamic waveforms of the P1A and P2A power control process obtained for the P2A power regulator settings: gain Kr = 0.0012 Vmax/W, integral time Ti = 75 ms, and P1A power regulator: Kr = 0.001 deg/W, Ti = 75 ms. The time charts in Figure 6 show the response of the system under test to the step change of the reference active power P2A = 0.3SN at time t = 0 and step change of the reference active power P1A = 0 at time t = 1 s. The process of simultaneous adjustment of both powers (at t = 0) is shown in Figure 7. Both figures show an undesirable interaction between the regulated active powers, but under the operating conditions of the transformer it can be considered as acceptable, due to the thermal acceptability of the power variations and their acceptable duration.



Figure 8 shows the static relationship between the RMS value of U2A and its phase angle φ2A resulting from the control system used. It is visible that the control system controls along straight lines, with changes resulting from the nature of the loads (R or RL) and due to the permission for active power consumption by phase A of the MV side (P1A > 0). A very small change is noticeable in the value and phase angle of the control voltage U2A. In practice, this may result in the necessity of attaching an additional choke in series to phase A of the LV side, allowing the use of higher values of amplitude and phase angle control signals, which would be easier to implement in practice.



The control effects in the control system from Figure 5, in static terms, are presented in Figure 9 and Figure 10 for the resistive load of two phases of the transformer secondary side and for the resistive–inductive load (p.f. = 0.8) of these phases. The analysis of Figure 9 and Figure 10 shows that the operation of the control system in Figure 5 cannot be considered as fully satisfactory. The problem is the active power of phase B of the primary side of the transformer. This can be seen especially in Figure 10, this power can be negative, i.e., returned to the MV grid. This is due to the fact that this power is not controlled. By the amplitude and phase of the sinusoidal voltage of the prosumer source, only the active power of the A phases of both sides of the transformer is controlled. The active powers of B and C phases are not controlled, just as the reactive powers of all phases of both sides of the transformer. Perhaps it is not possible to control these powers using only two control variables (the amplitude and the phase of the prosumer voltage). As can be seen in both figures, the control system works correctly in the sense of the control requirement P1A ≥ 0. The primary C phase active power is always constant and proportional to the secondary C phase active power.




3.3. Energy Losses in the Transformer


Figure 11 shows the power losses in the transformer windings for amplitude power control (as in Figure 1 and Figure 3). With an increase in the active power output by the prosumer source (for U2A > 0.994·U2Nphase) or consumed by it (for U2A < 0.994·U2Nphase), the power losses increase as a function of the square of the RMS value of the prosumer voltage source current. The minimum power losses occur when the prosumer source does not deliver and consume active power, i.e., when the voltage U2A = 0.994·U2Nphase (in Figure 11, it is U2A = U2Nphase).



Figure 12 shows the power losses in the transformer windings for phase power control (as in Figure 2 and Figure 4). With an increase in the value of the voltage’s phase angle of the prosumer source, the power losses increase rapidly, changing as a function of the square of the RMS value of the current output by the prosumer source. This control comes in addition to the active power and reactive power given (for φ2A > 0) or consumed (for φ2A < 0) by the prosumer source. It causes a general increase in load power losses compared to the amplitude control. For example, as shown in Figure 1 and Figure 2, the active power of 0.5SN given by a prosumer source can be obtained at U2A = 1.055·U2Nphase and φ2A = 0° or at U2A = 1.037·U2Nphase and φ2A = −5°. The transformer load losses in these two controls amount to, respectively, approx. 5%SN (acc. to Figure 11) and approx. 8.5%SN (acc. to Figure 12). It follows that the amplitude control of the active power of the prosumer source results in lower transformer power losses. This thesis is confirmed by the curves in Figure 13. Figure 13 shows the transformer’s load losses at amplitude (φ2A = 0°) and phase (U2A = 1.037·U2Nphase) control of the active power of the prosumer source, as a function of the active power output by this source, for other loads secondary side of R (p.f. = 1) or RL (p.f. = 0.8) types. There is a significant difference in these losses in favor of the amplitude control.



The control system from Figure 5 implements mixed, amplitude–phase control. The transformer’s load power losses with such control are shown in Figure 14. Unlike in the case of amplitude or phase control, these losses strongly depend on the nature of loads in two phases (B, C) of the transformer secondary side. Generally, these losses are higher than with amplitude control and lower than with phase control. For example, with amplitude control for P2A/SN = −0.3, transformer load power losses are 0.034SN at R load and 0.034SN at RL load. With phase control, these values are 0.042SN and 0.032SN, respectively. However, with amplitude–phase control, they are 0.034SN and 0.047SN. For P2A/SN = −0.2 transformer load power losses are 0.030SN at R load and 0.027SN at RL load. With phase control, they are 0.068SN and 0.052SN, respectively. However, with amplitude–phase control, they are 0.030SN and 0.032SN, respectively.





4. Discussion


The first part of the paper shows the outcome of simulation tests of the effect of the connection of three-phase windings of a distribution transformer on the flow of power between its phases in the case of voltage supply of one phase of the LV side and the MV side supplied with the rated voltage. Similarly to the three-phase low-power transformer analyzed in [19], the result was obtained that the active power is transferred between the transformer’s phases by the zero-current component of the LV side and the MV side. The zig–zag connection was considered to be the best connection of the LV side windings due to the occurring limitation of the active power given to the mains supplying the MV side of the transformer and maintaining almost constant RMS values of the transformer’s voltages. For this connection of LV side windings, the active power is transferred from the supplied phase of the LV side through the zero-current component to the loaded phases of the LV side. In such a case, the connection of windings on the MV side is not important because the zero components are not transferred to the MV side. For these reasons, further investigations were carried out for the transformer Yz0.



The main objective of the further investigations was to make a control system to minimize the power delivered to the MV grid. While constructing the control system, the focus was on minimizing the power output to the grid through this phase of the MV side of the transformer, which corresponds to the supplied phase of the LV side. Such an approach was adopted on the basis of preliminary calculations, which showed that if the active power is released to the grid through the MV side of the Yz0 transformer, its majority part flows through the phase that is supplied from the LV side. A linear control system with the expected properties was developed and subjected to simulation tests. They showed its correct operation, both in static and dynamic mode. The control system minimized the active power supplied to the network through phase A of the MV side, thus minimizing transformer power losses and transmission losses on the MV side. Unfortunately, this control process does not apply to the active powers of the B, C phases of the primary side. They are not controlled, and the active power of the B phase may be negative, i.e., it may be delivered to the MV grid.




5. Conclusions


The current form of the developed control system is not fully satisfactory compared to the control of phase voltages of the transformer/grid, used in many other solutions [1,2,3]. The problem is to control the powers of other phases of the transformer, as well as the phase reactive powers. Further research should be focused on the development of a control system that also controls the active power supplied to the MV grid through other phases of the transformer. This system must use different control trajectories than those shown in Figure 8. Note that no other trajectories were tested. On the basis of the conducted research, it is impossible to answer which active and reactive powers of the transformer phases correspond to the points of the plane that are outside the drawn trajectories. This requires further research. It is possible that the use of these points will also allow the reactive power of the transformer phases to be controlled. Here, however, there is a fundamental problem: how many transformers’ phase powers can be controlled simultaneously with only two control variables (the amplitude and the phase of the prosumer source’s voltage). It is possible that the scope of the control possibilities is limited. In such a situation, it would be necessary to control the powers also by means of other single-phase RESs connected to other phases of the distribution network (LV side of the transformer).



The further direction of research is to control multiple voltage sources, connected to different phases of the LV side of the distribution transformer, owned by different prosumers. This control would also have to take into account the results presented in the paper [14]. The purpose of the control would then also be to limit or eliminate the release of active power to the MV network by the distribution transformer. The energy produced by individual prosumers should be consumed first by themselves and additionally by other consumers connected to the same LV grid but should not be transferred to the MV grid.
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Figure 1. Amplitude control of active power P1A and P2A at φ2A = 0 (blue line—R load, red line—RL load, p.f. = 0.8). 
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Figure 2. Phase control of active power P1A and P2A at U2A = 1.037·U2Nphase (blue line—R load, red line—RL load, p.f. = 0.8). 
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Figure 3. Active powers of the phases of the transformer’s primary side at the R or RL load of the secondary side B and C phases, as a function of the active power of the prosumer source in phase A of the secondary side, with amplitude control (blue line—R load, red line—RL load, p.f. = 0.8). 
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Figure 4. Active powers of the transformer’s primary phases with R or RL load of B and C phases (as in Figure 3), with phase control. 
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Figure 5. Diagram of control system P1A and P2A of Yz0 transformer. 
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Figure 6. Waveforms of active powers P1A and P2A for RL load, p.f. = 0.8. 
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Figure 7. Waveforms of active powers P1A and P2A for RL load, p.f. = 0.8. 
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Figure 8. Relationship between the RMS value of U2A and its phase angle φ2A of the control system. 
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Figure 9. Active powers of the phases of the primary side of the transformer at the load R of phases B and C of the secondary side, as a function of the active power of the prosumer source in phase A of the secondary side, with amplitude–phase control. 






Figure 9. Active powers of the phases of the primary side of the transformer at the load R of phases B and C of the secondary side, as a function of the active power of the prosumer source in phase A of the secondary side, with amplitude–phase control.



[image: Energies 14 01038 g009]







[image: Energies 14 01038 g010 550] 





Figure 10. Active powers of the phases of the primary side of the transformer at the load RL (p.f. = 0.8) of phases B and C of the secondary side, as a function of the active power of the prosumer source in phase A of the secondary side, with amplitude–phase control. 






Figure 10. Active powers of the phases of the primary side of the transformer at the load RL (p.f. = 0.8) of phases B and C of the secondary side, as a function of the active power of the prosumer source in phase A of the secondary side, with amplitude–phase control.
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Figure 11. Load losses of the transformer with amplitude control as a function of this amplitude value, at φ2A = 0. 
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Figure 12. Load losses of the transformer with phase control as a function of the angular value of this phase, at U2A = 1.037·U2Nphase. 
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Figure 13. Load losses of the transformer with amplitude or phase control as a function of the active power value of the prosumer source. 
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Figure 14. Load losses of the transformer with amplitude–phase control of active powers P2A, P1A. 
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Table 1. Calculation results for MV/LV transformer. In brackets, the results of phase active power calculations for the delta connection that are exchanged with the grid—without the zero component of phase currents.
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	Winding Association
	I20/I2N
	P2A/SN
	P2B/SN
	P2C/SN
	P2/SN
	I10/I1N
	P1A/SN
	P1B/SN
	P1C/SN
	P1/SN
	ΔPCu/SN





	Y0y0
	0.60
	−0.28
	0.30
	0.30
	0.32
	0.60
	−0.27
	0.32
	0.32
	0.37
	0.05



	Yy0
	0.06
	0.28
	0.28
	0.28
	0.84
	0
	0.27
	0.32
	0.29
	0.88
	0.04



	Yy0, U2A =

1.2·U2Nphase

φ2A = –20°
	0.30
	−0.12
	0.12
	0.51
	0.51
	0
	0.05
	0.17
	0.33
	0.55
	0.04



	Dy0
	0.60
	−0.28
	0.30
	0.30
	0.32
	0.60
	−0.27 (−0.07)
	0.32 (0.24)
	0.32 (0.20)
	0.37 (0.37)
	0.05



	Y0z0
	0.68
	−0.35
	0.30
	0.30
	0.25
	0
	−0.04
	0.02
	0.32
	0.30
	0.05



	Yz0
	0.68
	−0.35
	0.30
	0.30
	0.25
	0
	−0.04
	0.02
	0.32
	0.30
	0.05



	Dz0
	0.68
	−0.35
	0.30
	0.30
	0.25
	0
	−0.04 (−0.04)
	0.02(0.02)
	0.32 (0.32)
	0.30 (0.30)
	0.05
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