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Abstract

:

During the energy transition, new types of electrical equipment, especially power electronic devices, are proposed to increase the flexibility of electricity distribution grids. One type is the solid-state transformer (SST), which offers excellent possibilities to improve the voltage quality in electricity distribution grids and integrate hybrid AC/DC grids. This paper compares SST to conventional copper-based power transformers (CPT) with and without an on-load tap changer (OLTC) and with additional downstream converters. For this purpose, a corresponding electricity distribution grid is set up in the power system analysis tool DIgSILENT PowerFactory 2022. A DC generator like a photovoltaic system, a DC load like an electric vehicle fast charging station, and an AC load are connected. Based on load flow simulations, the four power transformers are compared concerning voltage stability during a generator-based and a load-based scenario. The results of load flow simulations show that SSTs are most valuable when additional generators and loads are to be connected to the infrastructure, which would overload the existing grid equipment. The efficiency of using SSTs also depends on the parameters of the electrical grid, especially the lengths of the low-voltage (LV) lines. In addition, a flowchart-based decision process is proposed to support the decision-making process for the appropriate power transformer from an electrical perspective. Beyond these electrical properties, an evaluation matrix lists other relevant criteria like characteristics of the installation site, noise level, expected lifetime, and economic criteria that must be considered.
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1. Introduction


In the electricity grid, power flow is traditionally going from large-scale power plants connected to the transmission level to the customers, mainly connected to the LV grid. The load follows a predictable pattern and the electricity production of the generation units is adapted to the load pattern. Progressively more electricity generation from renewable energy sources such as wind and solar is increasing and a distributed generation (DG) with intermittent electricity generation has to be considered. In addition, new types of loads, such as charging stations for electric vehicles and heat pumps, are coming up in distribution grids and often internally operating on DC [1].



As a result, distribution grids are faced with new tasks. There are challenges with voltage control in distribution grids with DG and bidirectional power flow. Moreover, the direct connection of devices via DC becomes an alternative to conventional solutions.



Various options are briefly presented below. The conventional power transfer between different voltage levels with the same frequency is realized by two-winding or, in some cases, even three-winding CPT, which are simple, robust, long-living, and cheap with high efficiency [2,3]. The turns ratio is fixed for medium-voltage (MV) to LV CPTs. An adjustment with a few fixed steps to adapt to the voltage requirements at the recent location is often possible in offline operation. Different types of tap changers can be added to the CPT to implement voltage control on the LV side but the primary and secondary side still need to be decoupled [4]. More advanced power transformers have been proposed for several years, increasing the degree of freedom and the possibilities for direct DC connections [5,6].



The concept for a power electronics-based AC/AC converter with a high-frequency link was already presented in 1968 [7] and various topologies and designs have been presented since that time [8,9,10,11]. Also, advanced hybrid designs with integrated storage have been proposed [12]. Losses and efficiency of different types and topologies of transformers have been reviewed in the literature [2]. These transformers can also fulfil control, measurement, and communication functionalities. SSTs offer beneficial services for the distribution grid and various fields of application such as the supply of microgrids, connecting wind turbines, supply of residential customers, and traction systems [3,13,14,15,16,17,18,19]. Comparisons between SSTs and CPTs have been published with various focuses. In [13,20], a 1 MVA CPT is compared to a 1 MVA SST regarding weight, volume, and costs.



The Impact of SSTs on the distribution grid is studied in [6,18,21,22,23,24,25] even with the possibility of power supply during fault conditions [26]. In [27], a closer look is taken at the power delivery characteristics of SSTs; further requirements have been mentioned in [28]. The decision to choose the appropriate power transformer depending on the specific use case has yet to be discussed sufficiently.



For Distribution System Operators, there are no ready-to-use guidelines for choosing the appropriate transformer type depending on the various conditions in their grid. In the Directive (EU) 2019/944 of the European Parliament and of the Council of 5 June 2019 [29], functional evolution of the transmission and distribution grids and underlying investments in grid edge technologies are required. It has to consider investment efficiency as an indicator and quality performance concerning future-oriented grid solutions like grid flexibility and interaction between system operators’ operational platforms.



Therefore, national regulatory authorities should develop a methodology to implement necessary infrastructure modernization. The methodology must consider monitoring and evaluating the performance of transmission and distribution system operators to develop a smart grid to support energy efficiency and integrate energy from renewable sources based on limited indicators. It is necessary to consider this methodology early for the long-term planning of infrastructure measures. The challenge is, on the one hand, to formulate the assessment in a simple and comprehensible manner with few steps and, on the other hand, to adequately consider the diverse technical and non-technical aspects. An assessment accepted by all stakeholders has yet to be made available.



The first attempts to choose the appropriate transformer using key performance indicators (KPI) in smart grids are described in [29,30,31]. Using KPIs is suitable for measuring effectiveness but not an adequate tool for strategic grid planning. Therefore, work must be conducted to establish an efficient and comprehensible decision process regarding optimal power transformers depending on the actual use case and grid situation (see [32,33]). This paper addresses the question by a first approach for choosing appropriate power transformers between different voltage levels in distribution grids. This approach is based on load flow simulations, in which the four power transformers are evaluated for two scenarios in terms of load and voltage stability. It is intended to be used as an initial point for a guideline.




2. Types of Power Transformers


Figure 1a shows the CPT used for power transfer in AC distribution grids with a nominal frequency of 50 Hz or 60 Hz between MV and LV and a quiet constant load or generation situation on the LV side. Suppose there are significant variations between load and generation situations on the LV side. In that case, the CPT is extended with an OLTC, usually based on switches on the primary side, as demonstrated in Figure 1b. It enables adjusting the windings ratio between the primary and secondary sides in a few steps with a step size of some percent. The transformer has a control unit to maintain the voltage on the LV side within the desired voltage range. In Figure 1c, the CPT is extended with a downstream AC/DC converter, providing an LVDC voltage that can be controlled for significant variations in DC load or generation power.



In the literature, various design variants for SSTs are discussed. An overview of SST’s various concepts, schematics, and characteristics is given in [1,34]. For this paper, an often-used SST type for MV/LV power transfer is shown in Figure 2. The schematic shows an AC/DC converter at MV level on the primary side with the DC side connected to a DC/DC converter with a high-frequency transformer providing galvanic insulation and where the voltage transformation between MV and LV occurs. A DC voltage is available on the secondary side and a DC/AC converter provides the AC voltage. Due to the converters on both sides, the SST is flexible in providing ancillary services to the grid.



The voltage control on the LV is flexible and continuous. On both AC connections, voltage control is continuous and independent of the reactive power control. If a high-frequency pulsed MV-AC/DC converter and a high-frequency pulsed LV-DC/AC converter are used, the voltage quality can be improved by reducing harmonics and flicker.



In applications, additional secondary equipment is needed besides the primary devices for power transfer. This includes protection relays and control systems at each busbar on the primary and secondary side. The secondary equipment’s exact type and placement are out of the focus for this paper and strongly depend on the use case and the connected devices.



Additional devices, such as series voltage regulators, are available for voltage control on the LV grid. However, this paper focuses on devices for power transfer between different voltage levels and other devices are not considered. The intention is to limit the number of power transformers to be compared.



The three power transformers shown in Figure 1 are well-proven and accepted standard components, while the SST in Figure 2 is a novel technology not widely used yet.



As the four different types of power transformers presented in this section provide various levels of flexibility and ancillary services for different use cases, they have been chosen for this paper’s evaluation and decision process. The following section shows load flow simulations for different load scenarios where the four power transformers are compared to each other. The results are a base for the evaluation and decision process in Figure 3.




3. Evaluation and Decision Process for Using SSTs


This paper presents two alternatives for the decision process, which can be combined to evaluate the use of SSTs. The first alternative is a flowchart based on load flow simulations which is a fast method to get a first opinion of which power transformer is the most beneficial for the current use case. A second method is a value-benefit-based approach providing a higher granularity and the possibility to adapt the decision process to the individual needs of the recent use case.



3.1. Flowchart-Based Decision-Making for Using SSTs


Figure 3 shows a flowchart with a potential approach to choose the power transformer depending on the recent use case. As a result, the flowchart leads to one of the four power transformers. The CPT with and without OLTC are listed together in one field due to the topic described in Section 4.1.



The flowchart starts with the statement of whether a DC grid is required. If not, the connection of new fluctuating generators or loads is checked as a second step. If the grid structure does not change, assuming a stable initial situation, then a CPT is still the right choice.



Possible adverse effects on the distribution grid are considered for additional generators or loads. It must be checked whether a violation of specific grid specifications, including a CPT and line overload and voltage violation, are expected. The existing CPT is the best choice if no violations are expected. Otherwise, whether load flows can be limited in a generator and a load-based situation is checked. If load flow limitations are not possible, then using the SST is valuable, depending on the explicit parameters. In particular situations, the SST may be insufficient and the considered grid has to be expanded.



If the load flow can be limited flexibly, the decision for one power transformer depends on multiple extra functions. These functions include improving power quality, reactive power flow control and LV ride-through capability. Furthermore, the decision depends on multiple extra functions on the primary side. This flowchart is an example that should be adapted to individual needs.




3.2. Value-Benefit-Based Decision-Making for Using SSTs


In addition to the decision process, with the help of a flowchart, a value-benefit-based decision process can be used. Table 1 shows a detailed list of properties and functionalities of the different power transformers and has three categories to group the properties and facilitates the decision process: Reliability, Sustainability, and Profitability. The identified categories are connected to the qualities of the SST, environmental aspects and aspects of costs, installation and operation.



Table 1 can be used as the base for a value-benefit analysis. The plus and minus illustrate fulfilling the required characteristics from sufficient over nearly sufficient with restrictions to insufficient. Instead of a plus and a minus, numerical values can be added for the properties to obtain a more detailed granularity. The numbers must be generated and verified according to the preferences and needs of the recent use case since the priority varies a lot.



In order to show the variation of the properties as an example, the Required Space is explained in the category Sustainability. In some use cases, the required space is an important criterion. It becomes a limiting factor if the power transformer installation is planned in an urban area with only a defined space. In other cases, space is manageable if the power transformer is part of a new installation in the countryside. Thus, the relevance of the property can vary a lot between different use cases. In addition, it has to be considered that the detailed construction and design of the power transformer based on the cooling or filters can be different.



Valid results are received if the different properties are independent and their relevance is appropriately chosen. The value benefit method indicates the most beneficial power transformer. After extending the table with more values, each property’s values are calculated for the appropriate power transformer. For this purpose, the relevance of the property is multiplied by the value of the property of the corresponding device. Finally, the resulting values are summarized device by device. The device with the highest value is the most beneficial alternative for the current use case. For the type and value of the properties, the KPIs presented in [2,3,4] can be used as bases. The next chapter deals with the value-benefit analysis from a grid technology perspective.





4. Load Flow Simulation for Different Scenarios


This paper shows the use of SST compared to CPT with and without OLTC as well as with additional downstream converters. For this purpose, a corresponding electricity distribution grid is set up in the power system analysis tool DIgSILENT PowerFactory. Static load flow simulations are carried out according to the Newton-Raphson method. The main parameters specified for the load flow calculations are demonstrated in Table 2 [35].



Due to the lack of standardised DC cables, the DC generators and consumers are connected directly to converters. In addition to the initial situation, two extreme scenarios are selected for the simulation. One is the maximum feed-in power (generator-based scenario) and the second is the maximum consumption power (load-based scenario). A fast charging station for electric vehicles can also feed in and consume electricity. Next, these two extreme scenarios will be presented and simulated for all four power transformers.



4.1. Copper-Based Transformer with/without OLTC


Because of the given grid structure and similar results, the CPT and CPT with OLTC are considered together in one section. With generators and loads connected to the same LV feeder, the power flow characteristic of the feeder shifts between load and generation dominated. Thus, at the end of the feeder, high and low voltages can occur at different times but not simultaneously. In such situations, the CPT with OLTC can prevent a voltage violation on the LV grid by adjusting the voltage at the LV busbar. The CPT with OLTC is used when an LV feeder with generators or loads with strongly fluctuating power is installed. However, the voltage regulation on the CPT cannot control the voltage fluctuations of new and heavily fluctuating loads and generators in several parallel LV line feeders. Figure 4 shows the connection of the entire power transformer to the electrical distribution grid.



A CPT with and without OLTC is chosen in this case. PV devices and fast charging stations for electric vehicles have a separate converter to connect to the AC grid. For the load flow simulation, the line length is 0.1 km.




4.2. Copper-Based Transformer with Converter


Figure 5 shows the connection of the CPT with a converter to the distribution grid. In this case, PV devices and fast charging stations for electric vehicles share one converter to connect to the AC grid.




4.3. Solid-State Transformer


Figure 6 shows the connection of the entire device to the power grid with the support of an SST. In this case, PV devices and electric vehicle charging stations are connected directly to the SST.



For the static load flow analysis, the SST is modelled by the program DIgSILENT PowerFactory as controlled MV-rectifier/inverter in series with a controlled LV-inverter/rectifier.




4.4. Comparison of the Results


In the initial situation, the fast charging station for electric vehicles and the AC load are the consumers, while the PV system serves as a generator. Two further extreme scenarios with a capacity of around 600 kW are selected for the simulation. One is the generator-based scenario (maximum feed-in power), in which the fast-charging station feeds into the grid in addition to the PV device, so that the AC load is the only consumer in this case. In the second load-based scenario (maximum consumption power), there is no generator, but only two consumers, namely the AC load and the fast-charging station for electric vehicles.



The main results of the simulations are shown in the following table: relative voltage, line and transformer loading as well as grid losses.



Table 3 summarises the results of the static load flow simulations for all scenarios, they are the relative voltage in % at the connection points of the generators and consumers in addition to the loading in % at the lines and transformers as well as grid losses. In the initial scenario, grid losses are less in CPT with converter and SST in comparison with the CPT with OLTC. In the generator-based situation, the line to PV and to the fast-charging station for EV is overloaded, because the fast-charging station feeds also power into the grid. All transformers are overloaded in the load-based scenario. In that case, only the SST is lightly loaded and best suited for this distribution grid and able to replace the conventional transformers by increasing the load and generator power.



These load flow simulations are chosen to prepare for future extreme scenarios as part of the energy transition. Thus, SSTs can be most valuable when additional generators and loads are connected to the infrastructure and would overload the existing grid equipment.





5. Conclusions


The usage of SST is an often-discussed solution for future smart grids. A consistent, simple, accepted methodology for strategic grid planning with SST is still being determined. This paper presents two approaches to choose an appropriate MV/LV power transformer. For these approaches, a simple MV/LV grid is set up in DIgSILENT PowerFactory in order to be able to evaluate the various transformers regarding specific grid situations.



First of all, the decision process is made by a flowchart to determine the most beneficial power transformer. If DC distribution and multiple extra functions on the primary side are needed, the SST should be analysed in detail for infrastructure planning. Supposed that additional flexible loads or generators should be installed and the CPT violates existing grid specifications, an SST should be considered, especially if a power limitation of the new component is not possible.



If the flowchart indicates that a solution with SST should be checked, then the paper proposes to apply the value-benefit-decision method as second step. A first try for a value-beneficial based decision-making table with a simple qualitative evaluation is presented to figure out whether SST is an alternative that should be considered or not. It is crucial to be aware of the various properties’ relevance and determine each property’s value. Thus, this approach can find a beneficial solution for an individual use case but at the cost of doing research in advance.



The results of the pre-analysis are taken further and completed with static load flow simulations in a simple grid. They are carried out with all four transformers for an initial situation and a generator-based and a load-based scenario. The simulation summarises the results of the static load flow simulations for all scenarios: the relative voltage in % at the connection points of the generators and consumers in addition to the loading in % at the lines and transformers as well as grid losses. In the initial scenario, grid losses are less in CPT with converter and SST in comparison with the CPT with OLTC. In the generator-based situation, the line to PV and to the fast-charging station for EV is overloaded, because the fast-charging station feeds also power into the grid. All transformers are overloaded in the load-based scenario. In that case, only the SST is lightly loaded and best suited for this distribution grid and able to replace the conventional transformers by increasing the load and generator power.



The results show the benefits of using SST instead of CPT, CPT with OLTC, or CPT with a converter in some use cases. The SST can be particularly valuable when new fluctuating generators and loads are connected to the distribution grid and load flow limitations are impossible. That means SSTs can be most valuable when additional generators and loads are connected to the existing infrastructure and would overload the grid equipment. SSTs are compared with other conventional transformers and proven to be part of the energy transition for future extreme scenarios through load flow simulations.



Future work should continue on a detailed selection procedure based on commonly used KPIs for smart grids to develop reproducible and transparent methods on how the relevance of the properties is determined and to which extent the different types of devices represent the value of each property. Well-known and accepted numerical results for each characteristic and the weight of the characteristics could be the result of future work.
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Figure 1. (a) CPT without OLTC, (b) with OLTC and, (c) with downstream AC/DC power converter. 
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Figure 2. SST with AC and DC connection on the LV side. 
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Figure 3. Flowchart for a decision process to determine the most beneficial power transformer. 






Figure 3. Flowchart for a decision process to determine the most beneficial power transformer.



[image: Energies 17 02158 g003]







[image: Energies 17 02158 g004] 





Figure 4. A possible connection to an LVAC distribution grid with a CPT with and without OLTC. 






Figure 4. A possible connection to an LVAC distribution grid with a CPT with and without OLTC.



[image: Energies 17 02158 g004]







[image: Energies 17 02158 g005] 





Figure 5. Connection to an LVAC distribution grid with a CPT with converter. 
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Figure 6. Connection to an LVAC distribution grid with an SST. 
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Table 1. Value-benefit-based decision-making.






Table 1. Value-benefit-based decision-making.





	
Properties/Functionalities

	
CPT

	
CPT with OLTC

	
CPT with Converter

	
SST






	
Reliability including grid friendly benefits




	
DC load connection and generation on LV side

	
−

	
−

	
+/−

	
+




	
Decoupling of voltage variations from MV to LV

	
−

	
+/−

	
+

	
+




	
MV reactive power capability

	
−

	
−

	
+/−

	
+




	
Applicable for GCP with limited SCC

	
−

	
−

	
−

	
+/−




	
Dependency on external power supply

	
+/−

	
+/−

	
+/−

	
−




	
Sustainability




	
Efficiency

	
+/−

	
+/−

	
−

	
−




	
Required space

	
+

	
+/−

	
−

	
−




	
Noise level

	
+

	
+/−

	
−

	
−




	
Profitability




	
Life time

	
+

	
+/−

	
+/−

	
−




	
Reliability

	
+

	
+/−

	
−

	
−




	
Investment costs

	
+

	
+/−

	
+/−

	
−




	
Operational costs

	
+

	
+

	
+/−

	
−











 





Table 2. Connected power and line parameters.
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	Connected Power
	Line Types
	Line Length, km





	20 kV/0.4 kV
	630 kVA
	-
	-



	20 kVAC/0.75 kVDC
	according to connected load
	-
	-



	20 kVAC
	-
	NAYBY 3   ×   300 rm 12/20 kV
	25



	0.4 kVAC
	300 kW,

5 kvar
	2   ×   N  AYBY 3   ×   185/120 sm/sm 0.6/1 kV
	0.1



	0.75 kVDC
	2   ×   300 kW
	-
	-










 





Table 3. The results of the load flow simulations.
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Results

	
CPT/

CPT with OLTC

	
CPT with Converter

	
SST






	
Initial situation

	
Relative voltage, %

	
20 kVAC

	
100

	
100

	
100




	
0.4 kVAC

	
97

	
97

	
98




	
0.75 kV DC

	
100

	
100

	
100




	
Loading, %

	
LVAC-Line

	
72.8

	
72.8

	
72




	
PV-Line

	
71.7

	
0

	
-




	
EV-Line

	
6.5

	
-




	
Power transformator loading, %

	
51.5

	
49.8

	
-




	
Grid losses, kW

	
20

	
10

	
10




	
Generator-based scenario

	
Relative voltage, %

	
20 kVAC

	
100

	
100

	
100




	
0.4 kVAC

	
99

	
99

	
98




	
0.75 kV DC

	
100

	
100

	
100




	
Loading, %

	
LVAC-Line

	
71.8

	
71.7

	
72




	
PV-Line

	
68.5

	
135.1

	
-




	
EV-Line

	
68.5

	
-




	
Power transformator loading, %

	
46.1

	
44.9

	
-




	
Grid losses, kW

	
20

	
30

	
10




	
Load-based scenario

	
Relative voltage, %

	
20 kVAC

	
100

	
100

	
100




	
0.4 kVAC

	
96

	
96

	
98




	
0.75 kV DC

	
100

	
100

	
100




	
Loading, %

	
LVAC-Line

	
73.5

	
73.5

	
72




	
PV-Line

	
72.4

	
72.4

	
-




	
EV-Line

	
-




	
Power transformator loading, %

	
99.3

	
99.3

	
-




	
Grid losses, kW

	
20

	
10

	
10
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