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Abstract:



This paper deals with a Power Electronic Transformer (PET) topology for a 3-phase AC distribution grid. In the discussed topology, a Modular Multilevel Converter (MMC) and a Full-Bridge converter are employed for the medium voltage (MV) and the low voltage (LV) side, respectively. By using the space vector, approach a mathematical model for the MMC is presented and a grid-synchronous algorithm is implemented to easily control the power flow through the structure. The MV and LV side converters are linked through a High Frequency (HF) transformer, whose control strategy is a Dual-Active Phase-Shift Control (PSC) with Square Wave Modulation (SQM). This technique is combined with a predictive algorithm, which is able to keep each leg’s capacitors’ voltages balanced both in stationary and in transient conditions. The proposed algorithm is numerically validated in the Matlab/Simulink® environment.
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1. Introduction


The global energy market, strictly dependent on fossil fuels, requires substantial changes in order to target more environmentally sustainable energy sources. Indeed, the increase of renewable energy sources (RESs), while ensuring a significant reduction in CO2 emissions, requires a deep upgrade of the transmission and/or distribution network in order to capitalize the contribution of complex interconnected systems [1,2]. This implies the adoption of an advanced electric system, which, by employing innovative technologies, ensures smart management of both energy and power flows. Indeed, the typically intermittent and non-programmable nature of RESs, needs a substantial modification of the electric grid, which must adapt to the locations and times of availability of such sources; therefore, it must ensure the energy supply required by users, operating with a novel management/control approach; in this context, the end user becomes a “prosumer”, i.e., a producer and not just a consumer.



This evolution process has started an infrastructure upgrade of the power grids, with the increase of system interconnections, the creation of new nodes (stations), and the development of real-time management systems. This revolution can be achieved only after an overall upgrade of the system components.



Power Electronic Transformers (PETs) have been identified as emerging clever electronic devices in the future smart grid [3,4,5], especially for applications of renewable energy conversion and management [6,7]. Considering that the PET is directly connected to a medium-voltage grid, e.g., a 20 kV distribution system, its structural issues are more complex and severe. Different topologies have been presented and discussed in the literature relating to a realization in distribution grid applications [8,9,10,11]. The most consolidated topology performs either voltage transformation or power quality management, using power electronics both on primary and secondary side of a transformer that operates in medium frequency [12,13,14,15]. Therefore, a frequency converter on each side of the transformer is needed. The requirements of reliability, availability, safety, and maintenance suggest the use of multilevel architectures in order to exploit their intrinsic advantages in terms of voltage withstand properties and to improve robustness to the faults in power electronics converters. Therefore, the proposed architecture for a 3-phase MV AC distribution grid is built around a Modular Multilevel Converter, based on several low-voltage cells, each one being a Full-Bridge converter with a dedicated DC-Link capacitor.



The LV distribution grid is fed through a three-phase/four-wires Voltage Source Inverter (VSI), whereas the galvanic insulation is achieved thanks to a central single-phase transformer, which operates at high frequencies.



This paper proposes a new modulation technique, with the aim to ensure the balancing between each submodules of the same leg of the MMC [16]. Indeed, thanks to an optimized sorting algorithm, which acts upon the compensated current leg based on a predictive correction, the capacitors voltages are kept balanced both in stationary and transient conditions.



The system topology is described in Section 2, the mathematical model is presented in Section 3, the control strategy for MMC is reported in Section 4, while numerical results and conclusion are presented in Section 5 and Section 6, respectively.




2. System Topology


The Power Electronic Transformer under analysis interconnects a three-phase 50 Hz/20 kV MV grid with a three-phase 50 Hz/400 V LV grid. The rated power of the considered system is 100 kVA. As shown in Figure 1, the proposed topology consists of three main blocks:

	
MV-side power converter, which transforms the LF AC voltage of the MV grid into a single-phase HF AC square-wave voltage;



	
LV-side power converter, which transforms the LF AC voltage of the LV grid into a single-phase HF AC square-wave voltage;



	
HF transformer, which links and guarantees galvanic insulation between the MV-side and the LV-side power converters.







Figure 1. System topology of the proposed Power Electronic Transformer (PET) architecture.



[image: Applsci 08 00120 g001]






A Full Bridge–based MMC is used on the system MV-side in order to exploit its intrinsic ability to sustain high voltages with a simple increment of the number of submodules.



The chosen LV-side converter is instead a two-stage system: one stage is a Full-Bridge Inverter (on the HF-side), while the second stage is a three-phase/four-wires VSI (on the load side).




3. Mathematical Model


The mathematical model of the system can be written with some simplifying hypotheses. In particular, under the assumption that the capacitor of each submodule doesn’t suffer large voltage perturbations during a single switching period and by neglecting the rise/fall time of the IGBTs, each leg of the converter can be represented as an ideal controllable voltage source, whose output depends on the instantaneous voltages of its submodules capacitors and on the switching signals applied to the submodules IGBTs. Moreover, it is reasonable to neglect the effect of the inductors’ resistances and the difference between their inductances.



The KVLs applied through each leg give


[image: ]



(1)




where [image: ] is the k-th grid phase voltage, [image: ] is the k-th grid current, [image: ] and [image: ] are the k-th currents (flowing through the top and the bottom MMC converter legs, respectively), and [image: ] and [image: ] are the voltages measured between the ideal ground G and the transformer side output terminals T and B. In particular, as it can be seen in Figure 2, while the grid voltages [image: ] are the input of the MMC converter, the voltage [image: ] is the controllable output that actually feeds the primary side of the HF transformer.


Figure 2. Equivalent circuit of the Modular Multilevel Converter (MMC)-based PET.
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A simple equation for the transformer MV-side current [image: ] can be found once the transformer magnetizing current is neglected [17].


[image: ]



(2)




where [image: ] is the transformer’s LV-side voltage referred to the MV-side and [image: ] is the sum of the leakage inductances and of optional additional external series inductances. Naturally, [image: ] can be obtained as


[image: ]



(3)







By using the space vector and zero sequence components, defined as


[image: ]



(4)




and by introducing the average and differential quantities, defined as


[image: ]



(5)




the system model can be rewritten as


[image: ]



(6)




where [image: ] is the grid-side equivalent inductance, while [image: ] is the transformer-side equivalent inductance.



From the proposed model, it is evident how it is necessary to guarantee a balancing of the voltages on the capacitors of all the modules in order to appropriately control the power flows through the PET. Indeed, Equation (6) can be easily exploited with respect to the definition of the control strategy only if the capacitor voltages are assumed quasi-constant; in this case, each module can be modeled with a voltage generator driven by a constant source. In [18] the authors proposed an analytically based steady state model of the MMC in order to highlight the dependencies of the modules DC sides voltages behavior from the system operating condition and filter parameters. However, the proposed method refers to an MMC driven by a DC source for high-voltage DC (HDVC) systems, for which the DC sides of the converter are forced by unbalancing powers characterized by two predominant harmonics at [image: ] (dependent only on the AC currents) and [image: ] (dependent on the AC currents and on the modulation index), with [image: ] the AC output frequency. In the case of an MMC used as a high voltage stage in PET configurations, only the harmonic at [image: ] can be considered, since the transformer side voltage generates an unbalancing power oscillating at the transformer frequency, whose effect can be neglected. Moreover, the converter works with quasi-constant modulation index. In this context, if the capacitors are sized in order to contain the ripple at [image: ] within a sufficiently low desired value, second order effects can be assumed negligible. Therefore, a capacitors balancing algorithm can be easily formulated with the aim to ensure a stable operation in all operating conditions (i.e., transient and/or steady state), since the uneven power absorption across the converter modules during the modulation interval requires a re-balancing of the capacitors stored energy. The capacitors balancing can be achieved by controlling the recirculating current, as shown in the following section. The LV-side three-phase/four-wires VSI is independent from the transformer stage and, therefore, can be easily modeled as a power-controlled ideal current source.




4. Control Strategy


According to the first relation of Equation (1), the space vector [image: ] of the grid currents can be controlled through the MMC space vector voltage [image: ]; its reference can be computed in order to achieve a proper control of the active/reactive power flow from the MV grid to the PET. Indeed, the instantaneous values of the grid powers can be evaluated as


[image: ]



(7)







By expressing the space vector of the grid voltages as [image: ] and by referring the space vector of the grid currents to the reference frame identified by the angle [image: ], Equation (7) can be rewritten as


[image: ]



(8)




where the direct/quadrature components [image: ] are defined by the position [image: ] Equation (8) highlights the linear dependence between the grid powers and the related currents space vector components. Therefore, the control of [image: ] can be performed by a proper tracking of [image: ], which can be effectively performed by means of simple PI regulators.



While the instantaneous voltage phase [image: ] and magnitude [image: ] can be obtained through a dq-based three-phase PLL [19], the active power flow through the grid can be driven by a voltage controller used in order to keep constant the total energy stored in the MMC capacitors. The reference value of the reactive power is instead set to zero with the aim to maximize the system energetic efficiency, reducing the grid-side currents’ RMS.



The second relation of Equation (6) defines the dynamical behavior of the space vector [image: ] of the differential currents, which represents recirculating currents for the MMC. It should be ideally set to zero in order to minimize the RMS values of the MMC currents, but can be used for balancing purposes, i.e., phase to phase balancing and upper to lower balancing.



The last relation of the Equation (6) defines, instead, the dynamical behavior of the MF transformer primary side current [image: ], which depends on the voltage difference [image: ]. The transformer power flow is controlled by means of a PSC algorithm with Square Wave Modulation (SQM): both the MMC voltage [image: ] and the LV-side Full Bridge Inverter voltage [image: ] are forced as square waves with the same frequency [image: ] and with magnitude respectively [image: ] and [image: ]; the control of the power flow computes the time shift delay [image: ] of the Full-Bridge square wave with respect to the MMC square wave, which is chosen as reference in order to simplify the converter modulation implementation.



By neglecting the transformer magnetizing current and the circuit resistances, the current behavior can be assumed piece-wise linear. The ideal waveforms of the primary/secondary voltages and of the primary current are depicted in Figure 3.


Figure 3. Ideal Phase-Shift Control (PSC) with Square Wave Modulation (SQM) waveforms.
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In steady state conditions the power flow through the MF transformer is linked to the applied time shift through the well-known relation [17]


[image: ]



(9)




while the maximum achievable power can be expressed as


[image: ]



(10)







The reference value of the transformer current in correspondence of the [image: ] switching instants [image: ] can be obtained through the steady state relation


[image: ]



(11)




while a predictive algorithm is used to compute the time delay [image: ] which ensures the desired condition [image: ]; the following relation is easily obtained:


[image: ]



(12)




where [image: ] is the measured value of the transformer current.



Finally, the PSC reference power [image: ] is obtained as the output of a voltage controller aimed to stabilize the LV-side converter DC-Link around its nominal value [image: ]. A simple PI controller is suitable for this purpose. This value can be chosen in order to achieve the optimal condition [image: ], which guarantees that the transformer current [image: ], in steady state conditions, is a trapezoidal wave with magnitude [image: ].



While the LV-side Full-Bridge AC output voltage depends only on its DC-Link voltage, which is kept practically constant in a modulation time interval, the MMC MF side output voltage strongly depends on the converter operations. Indeed, an ideal square wave voltage can be generated only if all the converter modules are perfectly balanced and no differential voltage is injected in the modules AC outputs. In this case, an ideal square wave is produced if the top and bottom legs of each converter phase are switched in a complementary way, as exemplified in Figure 4 for the generic phase k of an ideal two modules converter: since the voltage [image: ] ([image: ]) of the first (second) top module has the same switching instants of the corresponding bottom module’s voltage [image: ] ([image: ]), the differential output [image: ] is perfectly constant for the entire switching period.


Figure 4. Ideal switching waveforms of a single phase for a two modules MMC.
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A symmetrical switching of the upper and lower converters is automatically obtained if the upper and lower converters are driven by two Space Vector PWMs (SVPWM) forced with the same voltage reference [image: ] and if the converters modules are treated as positive charged Half Bridge converters in the positive square voltage half period and as negative charged Half Bridge converters in the negative half period. Therefore, the square wave output period is at least twice the sampling time interval. The actual voltage output behavior deviates from the ideal one depicted in Figure 4 as a consequence of modules voltage unbalancing and asymmetrical modulation of the upper and lower converters.



The overall control scheme of the LV-side Full-Bridge converter is shown in Figure 5.


Figure 5. Low voltage (LV)-side converter control scheme.
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The balancing between the submodules of the same leg can be obtained through a simple sorting algorithm [16,20]. Once the leg reference voltage [image: ] has been determined through the SVPWM algorithm, the modules are arranged in increasing (decreasing) order of voltage if the leg power [image: ] is positive (negative): the output voltage is obtained through the switching of the first submodules of the array. The leg current [image: ] is determined by the average contribution, the differential contribution, and the zero sequence contribution, which respectively depend on the variables [image: ], [image: ], and [image: ].



If compared with the sampling time interval [image: ], the first two terms are characterized by a slow dynamic, while [image: ] is instead a quasi-square-wave current at [image: ] period. As a result, a predictive compensation of the current is needed in order to avoid balancing issues: the actual zero sequence contribution can be estimated through the simplified relation


[image: ]



(13)







Figure 6 shows, with respect to the square wave voltages, the relation between the current value [image: ] used by the control algorithm and the voltages phase shifts.


Figure 6. Converter output voltages and transformer current for positive (a) and negative (b) power.
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5. Numerical Results


The proposed control strategy has been tested in the Matlab/Simulink® environment; the simulation parameters are shown in Table 1.



Table 1. Simulation parameters.







	
Symbol

	
Quantity

	
Value

	
Symbol

	
Quantity

	
Value






	
[image: ]

	
Sample Time Interval

	
100 µs

	
[image: ]

	
Modulation Frequency

	
5 kHz




	
[image: ]

	
Transformer Frequency

	
5 kHz

	
[image: ]

	
System Rated Power

	
100 kVA




	
[image: ]

	
Grid Rated Frequency

	
50 Hz

	
[image: ]

	
Grid Rated Voltage

	
20 kV




	
[image: ]

	
Modules per Leg

	
9

	
[image: ]

	
MV DC-Links Capacitance

	
16 µF




	
[image: ]

	
Grid Boost Inductance

	
0.5 H

	
[image: ]

	
MMC Inductance

	
0.12 H




	
[image: ]

	
Power Transfer Inductance

	
0.19 H

	
[image: ]

	
LV DC-Link Capacitance

	
10 mF




	
[image: ]

	
Primary Boost Factor

	
1.4

	
[image: ]

	
Transformer Ratio

	
50










In order to test the effectiveness of the used approach, the system undergoes two strong perturbations.



At 0.5 s, starting from a steady state no load condition, the power absorbed by the LV DC-Link varies instantaneously from 0 to 100 kW.



At 1.5 s, the power absorbed by the LV DC-Link varies instantaneously from 100 kW to −100 kW.



Figure 7 shows the whole simulation results. It can be noted that both the grid and the transformer powers accurately follow their reference. The ripple in the transformer power, averaged over the sampling time, is linked to the MMC homopolar differential voltage output, which is characterized by unwanted oscillations due to the differential currents control. The effective tracking of the reference powers allows a good dynamic response of the DC-Link controllers, as synthetically shown in the correspondence of the power step variation in correspondence of the second perturbation by the DC-Link overshot, contained under 4% of its rated value. The balancing of the DC-Link capacitors operates with satisfying results: the maximum voltage difference per leg is kept around 1% of the cells’ rated voltage during the whole simulation, except for the first step variation, when the maximum difference is characterized by a strong overshoot of about 8%, quickly recovering under 0.1 s. Finally, the RMS value of the transformer current is close enough to the ideal value (1 p.u.) obtained with an ideal square wave switching with no phase shift delay.


Figure 7. Behavior of the actual/reference grid/transformer powers (a), the actual/reference LV/medium volt (MV) DC-Link voltages (b), maximum voltage difference per converters leg (c), transformer current RMS value (d).
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Figure 8 and Figure 9 show the behavior of the homopolar differential voltage and of the transformer currents in correspondence of the two power step variations. The voltages are expressed in p.u. of their rated values, whereas the transformer current is normalized with respect to the magnitude value obtainable with an ideal square-wave current in phase with the MMC ideal output voltage which would produce a power flow of [image: ]. It can be noted that the output voltage [image: ] is characterized by square shaped oscillations around its mean value [image: ] (i.e., the ideal square-wave voltage of the PSC strategy) due to the asymmetrical switching of the upper and lower converters. This unwanted ripple forces the transformer current to deviate from its ideal shape (see Figure 3). The resulting interaction between [image: ] and [image: ] introduces the observed ripple in the transformer power. Finally, it can be noted that the phase shift between [image: ] and [image: ] quickly changes from a small value to a positive value in correspondence of the first step variation (see middle diagram in Figure 8) and from a positive value to a negative value in correspondence to the second step variation (see middle diagram in Figure 9).


Figure 8. Behavior in correspondence of 0 kW to 100 kW step variation of the actual MMC differential homopolar output compared with its mean value (a) of the transformer voltages (b) and of the transformer current (c).
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Figure 9. Behavior in correspondence of 100 kW to −100 kW step variation of the actual MMC differential homopolar output compared with its mean value (a) of the transformer voltages (b) and of the transformer current (c).



[image: Applsci 08 00120 g009]







6. Conclusions


In this paper, a Power Electronic Transformer topology for a 3-phase AC distribution grid is presented. In particular, an MMC topology is adopted for the MV side, whereas a Full-Bridge converter is used for the LV side. The control variables and their influence on the MMC operating conditions have been highlighted by using a space vector–based model.



While the PET power flow has been controlled by using a conventional PSC approach, the modulation of the MV stage has been properly modified in order to achieve an effective balancing of the MMC modules and to output a quasi-square-wave voltage at the primary side of the HF transformer.



The simulation results have confirmed the effectiveness of the proposed approach with the maximum unbalancing of the MMC DC-Link voltages being kept at reasonable levels.



The implemented modulation represents, therefore, another step toward the realization and the development of a 100 kVA PET prototype, to be presented in a future paper.
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