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EXECUTIVE SUMMARY 

This deliverable relies on the definitions and design developed in the Deliverable 

1.1, “Definitions of physical architecture for multi-home, district and large 

systems”. In there, the top-level requirements (such as power and voltage ratings 

and ranges, power factor and quality, or galvanic isolation) that lead to the 

definition of power system architectures at each power scale were established. In 

here, the specific design for a multiport modular power electronic converter 

(MMPEC) valid for the integration of energy storage and other renewable sources is 

discussed. The proposed design will include the design of the so-called intelligent 

power cells (iPEC) and their use as the internal building blocks of the corresponding 

converters.  

The cost reduction target of the TALENT project is tackled by a novel in-building 

electrical distribution system based on the reuse of intelligent power modules valid 

for different building sizes; a boost in the overall system efficiency by the use of 

wide-bandgap devices and a reduction in the electrical tariff under the proposed 

in-building energy management system. 

This is the public version of this deliverable. A confidential version will be 

delivered at a later stage of the project, still to be defined within an ongoing 

amendment. The confidential version will contain section 6.1, which has been 

removed from this version as it describes sensitive contents which are in the 

process of being patented. 
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1. INTRODUCTION 

This deliverable summarizes the results of the Task 2.1, “Design a suitable 

multiport modular power electronic converter (MMPEC) that allows for the grid-

integration of distributed resources at building level”. The objectives of the task 

are defined as follows: 

To design a MMPEC considering the following constraints: 

1. DC (batteries and photovoltaics, PV) and AC (microwind) sources could be 

connected. 

2. DC and AC loads could exist. 

3. Galvanic isolation is required. 

4. Minimization of required space. 

5. Reusable design from 10 kVA to 100 kVA. 

6. Use of standard open communication system for grid integration. 

 

1.1. PURPOSE AND TARGET GROUP 

The main purpose of this deliverable is to set all the design specifications regarding 

the multi-home application of the TALENT project. In this direction, the involved 

power conversion devices, topologies and general architecture; the control system 

both at power converter and building levels and the communication link with the 

DHEMS control at transformation center are discussed. The TALENT iBatt, the reuse 

of intelligent power conversion cells (iPEC) using wide band-gap devices as well as 

the definition of a new form factor, based on a confidential development in patent 

process, in which the iPEC concept is integrated, are envisioned as the main 

novelties. The consideration of the IEEE 1547 standard protocol for the system 

integration and connection to the grid is also considered as a milestone in the 

target cost-deduction of the TALENT project. This deliverable has different target 

groups, including energy storage manufactures according to the iBatt 

specifications, power converter manufacturers, system integrators as well as 

energy aggregators and distributors. 
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1.2. CONTRIBUTIONS OF PARTNERS 

Contribution of partners can be followed from the Table of history and 

contributions. 

 

1.3. RELATION TO OTHER ACTIVITIES IN THE PROJECT 

The following Table 2 depicts the main relationship of this deliverable to other 

activities (or deliverables) developed within the project and that should be 

considered along with this document for further understanding of its contents. 

TABLE 2: RELATION TO OTHER ACTIVITIES IN THE PROJECT 

DELIVERABLE  RELATION  

D1.1 This deliverable provides the detailed design of the 

definitions and goals established in D1.1 

D2.3 Sets the power converter topology and system 

architecture that are the grounds to the control 

system implementation 

D2.4 In this deliverable, the laboratory tests for the 

designed system will be carried out 

D2.5 The designed isolation scheme will be here tested 

D4.2 The proposed iBatt concept will be here integrated 

into a 1500 V system 

D6.2 In this deliverable the proposed design will be 

validated for a TRL5 

 

1.4. DOCUMENT STRUCTURE 

The deliverable is organized as follows. Firstly, the different power converters that 

built the MMPEC concept are discussed. Section 3 describes the iBatt concept, its 

design alternatives and a complete analysis on the power converter performance. 

Section 4 is focused on the load-side converters used for the connection of the 

individual homes and Section 5 analyses the interlinking converter implementation. 

Section 6 is kept confidential. In there the form factor for the iPEC implementation 

is discussed. Finally, in Section 7 and 8, the MMPEC system-level simulation and the 

communications system design are presented. The document is closed with the 

most remarkable conclusions in Section 9. 
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2. GENERAL IDEA 

2.1. SYSTEM DESCRIPTION 

The developed MMPEC is based on the schematic shown in Figure 1. In there, 

different power conversion stages are included to accommodate energy storage and 

distributed generation to the grid. Galvanic isolation is considered at the energy 

storage and PV ports, still allowing the loads (homes) to be connected by a non-

isolated port. The different power conversion schemes are hereafter enumerated: 

1. iBatt. The iBatt is the first innovation of this task. It is a DC/DC power 

converter suitable for a modular connection of energy storage and renewable 

resources, specifically PV, that can be configured for different voltage and 

power ratings, including galvanic isolation. This power converter can be 

implemented either using the iPEC concept, later described in this report, or 

by a more traditional approach based on a central control system. Both Si-

based and GaN-HEMTS-based solutions are provided. 

2. Interlinking converter. The interlinking converter allows for the DC/AC and 

AC/DC conversion. It is a bidirectional power converter that allows for the 

connection of distributed resources and loads to the AC-grid. The topology is 

based on a three-level three leg (3L) NPC power converter. The main novelty in 

this system, regarding the modularity, is based on the control system using the 

Virtual Synchronous Generator (VSG) concept, that allows the system operator 

to easily integrate the power converter into the grid. Standard protocols are 

given for the system integration thus reducing the complexity for the 

installation and commissioning process. The proposed converter is able to 

operate either in grid-connected or islanded mode, thus boosting the system 

reliability under fault conditions in the general AC grid. 

3. Load-side converter. The different AC-loads (individual homes as well as 

building common services) are connected to the building DC-link by 

independent modular DC-AC converters. For the individual homes, full-bridge 

single-phase power converters are used whereas for the common building 

services (elevators, lighting, ventilation, etc...) three-phase are employed. The 

design is done using the modular idea, so a cost reduction is achieved by scale 

economy when compared to the use of a single power converter to supplying all 

the AC-loads. The modular power-converters are implemented using the iPEC 

concept and GaN-HEMTS devices. The proposed concept considers the following 

operation constraints: 1) individual home protections and 2) individual home 

connection/disconnection without compromising other loads in the system. 
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FIGURE 1: SCHEMATIC FOR THE MMPEC IN THE MULTI-HOME APPLICATION 

Regarding the MMPEC rating, the converter is designed to be connected to low 

voltage AC grids (400 V) with a maximum power of 100 kVA. The intermediate DC-

link to which the different power conversion stages are connected is designed for 

700-900 V range. The iBatt ports (both for the interface of the energy storage and 

the PV) are designed following the modular architecture, allowing for power ranges 

from 10 kW to 100 kW. The iBatt converters have an input voltage range between 

40 and 200 V. Isolation is achieved by a high-frequency intermediate transformer 

integrated in the power converter topology. Single-phase full-bridge inverters used 

for the AC-loads interfaces are rated at 10 kVA and 240 Vac. Three-phase load-

inverters for the common services are rated from 10 to 100 kVA. Interface to the 

grid at the interlinking converter is done by means of an LC filter for an improved 

THD. The system design considers very weak connection in the AC side, even 

allowing the operation in islanded mode. Switching frequencies for the different 

ports are selected considering efficiency and reduced losses. Depending on the 
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devices technologies to be tested (Si, SiC and GaN), 20 to 200 kHz switching 

frequencies are selected. Precise device-level specifications are established at the 

corresponding sections later in this document. 

  MODULAR APPROACH 2.1.1.

For the development of the modular approach that boost the system scalability and 

interoperability, TALENT project proposes the extension of a standard taken from 

the telecommunications sector. This idea, in process to be patented, is kept out of 

this document for confidential reasons. The proposed extension, embeds the iPEC 

cells as extension cards that can be added or replaced by different vendors 

alternatives. The internal structure of the MMPEC, is then built by reusing iPEC 

cells. Each of the cells consist on the power switches, passive elements, drivers, 

sensors, a local control system and a communications interface. A schematic for an 

iPEC cell is shown in Figure 2. As shown, each iPEC includes a distributed control 

system which target is the control of the local internal cell-variables (inductor 

current and capacitor voltage). In that way, the central control system is in charge 

of the coordinated cell-control and is not limited in terms of inputs/outputs needs. 

The iPEC are designed considering DC/AC, DC/DC and AC/DC power conversion 

capabilities, thus reducing the design cost from traditional power converter 

architectures. Solutions based on wide-bandgap devices (SiC and GaN) are feasible 

to allow the integration of the galvanic isolation within the power converter at a 

reasonable size and to reduce the passive elements size and costs. Both half-bridge 

and full-bridge configurations are considered. Half-bridge is used for the DC-DC 

ports used in the iBatt concept and it also can be extended to the three-phase 

inverter used in the common-building AC loads. Full-bridge is employed for the 

single-phase AC loads. 

 

FIGURE 2: IPEC SCHEMATIC REPRESENTATION 

For the integration of the MMPEC in the grid, a flexible and seamless control 

system is needed. In the TALENT project, this is achieved by using a novel approach 

based on the VSG concept. The control of the MMPEC power converter is split into 

two different layers. The first one, more internal, is responsible for the converter 
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power control level. In there, currents and voltages are kept according to the 

references given by the second layer control, which runs in the DHEMS. In this 

second layer, the VSG emulation is executed, thus allowing the system operator to 

ask the MMPEC to contribute to the system needs. For the exchange of information, 

IEEE 1547 standard protocol over MODBUS/TCP is used. The SunSpec IEEE 1547 

implementation has been chosen due to its vast recognition by a variety of power 

converter manufacturers as well as system integrators. 

The costs reduction target in the TALENT project is achieved in this task by the 

developments shown in Table 3. 

TABLE 3: PROPOSALS IN THE TALENT PROJECT FOR THE COST REDUCTION 

Proposal Development 

Reuse of hardware/software solutio

ns for different power and voltage l

evels 

Use of a modular architecture based on a standard taken from 

the telecommunications sector and the iPEC concept 

as the basic element for the converter construction. 

Promotion of non-

proprietary communications protoc

ols for the integration of multi-

vendor solutions 

IEEE1547 over CANOpen or MODBUS/TCP are promoted for the   

internal communication between the central controller and 

the modules. IEEE 1547 over MODBUS/TCP for the system 

integration. 

Increase of system expected life du

e to power converter optimization.  
Use of GaN devices for the implementation allows for a reduc

tion in magnetics and capacitors as well as better thermal per

formance 

 

2.2. DESIGN METHODOLOGY 

For the system design, both analytical and simulation tools have been used. At 

different system levels, the following programs have been employed: 

1. Power electronics design. LTSPICE and PLECS have been used for the 

characterization of the switching devices and power converters. LTSPICE is 

used at the lowest level, particular for the investigations regarding the 

parallelization of GaN devices as well as for losses calculations. PLECS is 

preferred for the power converter topology and control modelling. 

2. Power converter control. For the power converter control design, MATLAB, 

SIMULINK and PLECS are being used. The control system loops are firstly 

designed in MATLAB and checked in SIMULINK in an average-model simulation. 

PLECS is used for the detailed switching models in close-loop simulations. 
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Validation of the control system is done in PLECS using a RTBOX for real-time 

hardware-in-the-loop emulation. 

3. System communications. Design of system communications has been done in 

MATLAB, by making an initial implementation of the SunSpec IEEE 1547 using an 

Object-oriented paradigm and, by using the MODBUS/TCP toolbox, to 

communicate with an already available IEEE 1547 node. After, the 

implementation is moved to C++ language to be executed in the DHEMS and in 

the building controller implementation responsible of the MMPEC control 

system. 

3. INTELLIGENT BATTERY POWER CONVERTER (IBATT) 

3.1. INTRODUCTION 

As mentioned during the proposal and also as concluded in the D1.1, the iBatt 

concept allows for the system scalability at different voltage and power levels. In 

this deliverable, the detailed specifications for the iBatt are given, as well as two 

different alternatives for the power switches based on Si-MOSFET and GaN-HEMTs 

devices. Additionally, the implementation of the power converter both using a 

traditional central-control approach as well as the iPEC concept are also discussed. 

In TALENT, both the batteries and the power electronics achieve voltage 

scalability. From the batteries side, TALENT proposes a modular solution called 

iBatt. This iBatt consists in an 8.6 kWh battery (upgradable to 13.2 kWh by using 

different cells) connected to an isolated DC-DC converter with a rated output 

voltage of 400 V, regardless of the battery voltage. This voltage rating can be 

updated to different values if needed by the application; considering the same 

hardware, voltages in the range of [350 - 450] V can be achieved. By some minor 

changes in the high-frequency transformation ratio, voltages outside that range are 

possible as well.  

Therefore, the iBatt concept allows a controllable and constant output voltage 

regardless the battery modules voltage, energy and power, three important 

parameters that are intrinsically coupled in a conventional battery (it is impossible 

to increase the voltage to the required level without increasing the energy at the 

same time, which in some cases implies that the system in oversized in terms of 

energy). By means of an isolated DC-DC converter, the output voltage is no longer 

tied to the battery voltage.  
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FIGURE 3: IBATT MODULE 

 

As other ESS technologies, several iBatt can be connected in series to achieve 

higher voltages (two modules for 700-900 V, three for 1.05-1.35 kV, and so on), 

thus yielding a scalable solution in terms of voltage levels.  

 

 

FIGURE 4: TWO IBATT MODULES CONNECTED IN SERIES 

For the integration of the iBatt concept in the MMPEC in the multi-home 

applications, up to two iBatt can be series-stacked to reach the required DC-link 

voltage range of 700 to 900 V. This is shown in Figure 4. The proposed arrangement 

for the multi-home iBatt connection is following discussed. 

The proposed architecture for the multi-home systems is shown in Figure 5, 

compared to the classical alternative [1], [2]. As it can be seen, the modularity 

concept is explored by the iBatt concept, which can be described as an energy 

storage building block with embedded power electronics for the DC-DC conversion 

stage. The higher boosting ratio from the internal energy storage voltage to the 

required DC-link allows for a reduction in the energy sizing, thus directly targeting 

the cost reduction [3],[6],[7]. 
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FIGURE 5: MULTI-HOME APPLICATION. A) PRESENTS THE TYPICAL PASSIVE STRUCTURE. B) 

PRESENTS AN EXAMPLE FOR THE PROPOSED STRUCTURE FOR THE 48 V/400 V CONVERTER. 

THE GRID-TIE INVERTER IS OUT OF THE SCOPE OF TALENT. THREE-PHASE APPLICATION IS 

SHOWN FOR A BETTER UNDERSTANDING OF THE SOLUTION MODULARITY. SINGLE-PHASE CAN 

BE ACHIEVED FROM ONE SINGLE 48 V MODULE 

3.2. PROPOSED TOPOLOGY FOR THE IBATT CONVERTER 

Considering the different technologies for switching devices, the first iteration of 

the DC/DC converter design consist in a Si-based topology with two series-

connected stages: An interleaved synchronous rectifier (ISR) followed by an 

isolated three-phase dual-active-bridge (TPDAB), as shown in Figure 6. The first 

stage feds an intermediate boosted DC-link with a twofold purpose: to deliver a 

stable controlled voltage to the input of the second-stage and to reduce the 

current demand of this second stage. 

Considering the implementation using GaN-HEMTS devices, the first stage 

interleaving topology is replaced by parallel-connected devices. This lowers the 

requirements on the control system input/outputs as well as on the complexity of 

the implementation. Additionally, a higher-efficiency reduced-cost alternative 

considering a single-stage converter which only relies on the TPDAB stage will be 

proposed.  

In summary, two different configuration are analyzed in this deliverable: dual-

stage converter (Si-MOSFET or GaN) and single-stage TPDAB (GaN).  

Figure 7 shows the different possibilities for the iBatt configurations with their 

main electrical variable levels. A detailed guide for the selection of these values is 

given in the following sections. 
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FIGURE 6: IBATT TOPOLOGY. INTERLEAVING SYNCHRONOUS RECTIFIER (FIRST STAGE) + 

THREE PHASE DUAL ACTIVE BRIDGE (SECOND STAGE) 

 

 

FIGURE 7: ALTERNATIVE CONFIGURATIONS FOR THE IBATT, INCLUDING THE RATED VALUES 

FOR THE VOLTAGE AND CURRENT AT EACH STAGE 

 DUAL-STAGE CONFIGURATION WITH SI-MOSFET DEVICES 3.2.1.

Considering a Si-based topology, parallelization of Si-MOSFET devices could 
potentially trigger problems related with the uneven switching and current sharing 
as well as large difficulties for the magnetic design of the required inductors. For 
that reason, a dual-stage converter which includes an interleaved topology for the 
current sharing in the first stage is proposed.  

3.2.1.1 FIRST-STAGE: INTERLEAVING TOPOLOGY 
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This implementation eases the design of the input inductances and allows the 
reduction in the battery current ripple, which could potentially affect its health 
due to the additional losses [4]. An interleaved converter consists of several 
identical converters connected in parallel [5]. Each leg is controlled, theoretically, 
by signals with the same duty ratio in steady state and carriers with different 
phase-shifts. The variations in the inductance values with respect to the rated ones 
as well as the existence of different parasitic implies uneven duty ratios during the 
transients that has been proved not to trigger any other noticeable impact on the 
control system design. In this particular case, the interleaving includes three 
parallel legs, with a carrier signal phase shifted 120 degrees (see Figure 8).  
 
Each leg has the same inductor value (LINT). With the proposed design, consisting in 
3 legs for a total of 6 semiconductors (Mx) and an intermediate DC-link (CpDC), it is 
possible to withstand the 2C current given by the battery (360 A). The intermediate 
DC-link is boosted up to 115 V, allowing for a reduction in the current of the second 
stage input bridge to 200 A, compared to 600 A if a direct connection of the TPDAB 
to the battery terminals is performed. For the proposed design, the transformer 
ratio is reduced from 48/400 V to 115/400 V. For the Si-based design, switching 
frequency is fixed to 20 kHz, as a trade-off value when the switching losses equal 
the conduction losses.  
 
Despite the value of the VpDC could reach up to 150 V (limited by the converter 
topology to ensure a proper operation of the ISR), the selected rated value is 115 
V, leaving some margin to the semiconductor (Si-MOSFET IXFN360N15T2) maximum 
rating (150 V). With respect to the current capability, chip limit is 310 A, whereas 
lead maximum rating is reduced to 200 A, which is the one considered in our 
design. Detailed switching simulations have been carried out later in this document 
to ensure the transient behavior of the devices to be well below the voltage and 
current limits. Still, as a risk reduction measurement, an alternative reference with 
the same footprint (IXFN210N30X3) is considered for an extended voltage range up 
to 300 V. The default design selection is kept to the first reference due to its lower 
conduction losses, which imply a higher overall converter efficiency. 
 

 

FIGURE 8: PROPOSED INTERLEAVING TOPOLOGY 

3.2.1.2 SECOND-STAGE: THREE PHASE DUAL ACTIVE BRIDGE 

The main function of the TPDAB stage, Figure 9, is to provide the required galvanic 

isolation and to boost the voltage to 400 V. This topology consists in two three-

phase bridges connected by a high frequency transformer, where the equivalent 
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series inductor determines the maximum power transfer that can be achieved by 

the system. Since the semiconductors must withstand the same ratio voltage and 

current than the ISR for the primary side, the same MOSFET will be used. At the 

high-voltage side, a Si-MOSFET capable of withstand 400 V and 65 A (peak) is 

needed. The IXKN75N60C reference (600 V and 75 A continuous) is selected as a 

valid reference. Detail analysis on losses as well as heatsink is included later in the 

discussion. 

 

FIGURE 9: TPDAB TOPOLOGY 

Regarding the magnetics (inductor and transformer) design, the following criteria 

has been used. The inductor is placed at the secondary transformer side in order to 

reduce the currents and therefore the conduction losses.  

3.2.1.3 PASSIVE ELEMENTS DESIGN 

Based on the maximum operating values for the proposed dual-stage configuration, 

the different parameters for the inductances and capacitors are selected. Lint 

inductances are calculated by (3.1) 

𝐿𝑖𝑛𝑡 = 𝑉𝑏𝑎𝑡
𝑉𝑝𝐷𝐶−𝑉𝑏𝑎𝑡

𝐼𝑟𝑖𝑝𝑝𝑙𝑒 (𝐼𝑚𝑎𝑥/ 𝑛𝑙𝑒𝑔𝑠 )𝑉𝑝𝐷𝐶
2  2 𝜋 𝐹𝑠𝑤   

 (3.1) 

Where: 

𝐼𝑟𝑖𝑝𝑝𝑙𝑒 : Is the ripple current in %, selected as 10 %. 

𝐼𝑚𝑎𝑥 : Maximum current given by the battery (360 A). 

𝑛𝑙𝑒𝑔𝑠 : Number of the legs in the ISR. 

For the intermediate DC-link, (3.2) is used  

𝐶𝑝𝐷𝐶 =
𝐼𝑚𝑎𝑥 𝑉𝑏𝑎𝑡

𝑉𝑟𝑖𝑝𝑝𝑙𝑒  𝑛𝑙𝑒𝑔𝑠  𝐹𝑠𝑤 𝑉𝑝𝐷𝐶
2    

 (3.2) 

Where: 

𝑉𝑟𝑖𝑝𝑝𝑙𝑒  : Is the ripple current in %, selected as 1 %, to ensure low transient 

variations and therefore reduce the over-voltage in the semiconductors. 

For the TPDAB stage, the inductors are calculated based on the power capability, 

according to (3.3) 
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𝐿𝑇𝑃𝐷𝐴𝐵 =
𝑛𝑉1𝑉2

𝑃𝑚𝑎𝑥 2 𝜋 𝐹𝑠𝑤 
  (3.3) 

Where: 

𝑉1 and  𝑉2: are the first harmonic of a square waveform of a peak of VpDC and VsDC. 

𝑃𝑚𝑎𝑥 : Is the maximum power moved by the TPDAB, 18 kW.  

The output capacitor has been selected considering the same maximum peak 

current that at the transformer secondary (𝐼𝑠𝑃𝐸𝐴𝐾), 65 A. 

𝐶𝑝𝐷𝐶 =
𝐼𝑠𝑃𝐸𝐴𝐾

𝑉𝑟𝑖𝑝𝑝𝑙𝑒   𝐹𝑠𝑤 𝑉𝑠𝐷𝐶   
 (3.4) 

To reduce the volume and the cost, instead of using only one capacitor at the 

desired capacitance, parallel capacitors in a mix of electrolytic and film capacitors 

are used. The DC link is shown in Figure 10. It is placed directly over the 

semiconductors and drivers are set over the bus to facilitate the mount/dismount 

of this elements. A detail drawing is presented in Figure 11. All the selected values 

are shown in Table 4. 

TABLE 4: MAIN PARAMETER VALUES FOR THE DOUBLE-STAGE SI-MOSFET CONFIGURATION 

Parameter Value (nominal) 

CpDC 1510 µF 

Lint 92 µH 

VpDC 115 V   

Fsw 20 kHz 

CsDC 370 µF 

LTPDAB 42 µH (secondary) 

VsDC 400 V 

 

The selected transformer has a ratio of 8/28, optimized for 20 kHz and 18 kW. For 

the initial prototype, the transformer has been implemented by three single phase 

transformers (see Figure 12), thus avoiding asymmetric flux in the mid leg and 

bespoke designs, according to the manufacturer. Main characteristics of the 

transformer are shown in Table 5. 

TABLE 5: TRANSFORMER DESIGN PARAMETERS 



 

 

 

 

 

29 

PARAMETER VALUE (NOMINAL) 

Material Core Nano-Crystalline Ring Cores 

Coil Formers Flame Retardant 4 

Insulation Film Polyester Film 

Copper Foil 60 mm copper foil 

Turns 8/28 

 

 

FIGURE 10: SETUP OF DOUBLE STAGE SI-MOSFET 
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FIGURE 11: 3D OF THE SETUP OF DOUBLE STAGE SI-MOSFET 

 

FIGURE 12: TPDAB TRANSFORMERS 

 DUAL-STAGE CONFIGURATION WITH GAN-HEMTS DEVICES 3.2.2.

As mentioned before, the iBatt concept will be implemented both using Si-MOSFET 
and GaN-HEMTs. For the Si version, available modules in the market are being 
used. For the case of GaN, currently there are no available modules for the 
required current capability. Instead, parallelization of devices is required. This 
topic is one of the novelties of the proposed power converter architecture, as an 
important number of devices (up to 6) is required to be connected in parallel for 
meeting the current constraint. Following, selection of the required devices as well 
as a discussion about the parallelization problem is included. 
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The semiconductor selection most significantly depends on the system voltage and 

power level. In the range of 200 V, valid for the low-side iBatt port, Si-MOSFETs are 

the commonly employed semiconductors. GaN-HEMTs offer a more performant but 

expensive wide-bandgap alternative. For higher voltages around 450 V, both GaN 

and Silicon Carbide (SiC) transistors coexist and compete as wide-bandgap 

semiconductors. In order to get an overview of the different types of 

semiconductors, three devices that can potentially fulfil the requirements are 

compared in Table 6. As none of these discrete devices fulfil the current rating 

alone, the parallelization of multiple transistors is necessary. 

 

TABLE 6: MAX. RATINGS OF SUITABLE DISCRETE SWITCHES, TJ = 25◦ C 

 

 

Table 6 illustrates that the on-resistance RDS, on and the price of the Si-MOSFET is 

much lower than the competitors’. The density of the design, however, mostly 

depends on the area covered by the semiconductor. From this perspective, the GaN 

transistor represents the highest current capability per area, allowing more 

compact designs. 

Wide-bandgap devices, particularly GaN-HEMTS for the voltage/power needs of the 

TALENT project in the multi-home application, are a promising solution to increase 

the switching frequency, thus reducing passive elements size and volumes as well 

as improving the thermal management. Power converter scalability in terms of 

power can be achieved by device-parallelization. The main drawbacks are the low 

market offer and the reduced voltage and current ranges that limit the device 

usage. Regarding the voltage ranges, GaN commercial devices are mostly limited to 

two different ranges; 100 or 650 V. Considering the constraints in the iBatt design, 

650 V devices are proposed for both stages. Current capability is asserted by 

different number of parallel-connected devices. Among the market options, the 

GS66516T reference with 650 V and 60 A in continuous has been selected. As for 

the case of the Si-MOSFET, losses analysis is carried out in following sections. 

Following the same strategy than for the Si-MOSFET case, an ISR first-stage is 

selected to reduce current in the TPDAB stage and keep the input voltage 

controlled at a constant value. Considering the semiconductor voltage limit for this 
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case, a rated value of 150 V for the intermediate DC-link is selected, allowing less 

stress in the TPDAB and a simpler turn ratio for the transformer (150/400). It shall 

be remarked that this ratio is also possible in the case the IXFN210N30X3 reference 

is selected for the Si-MOSFET design. 

Considering the target switching frequency, increased ranges up to two order of 
magnitudes larger than for the case of the Si-MOSFTET are now feasible [48]. 
However, noise problems due to large dv/dt as well as difficulties in the generation 
of the modulation signals limit those values. For the TALENT project in the iBatt 
converter, 200 kHz is selected as the target switching frequency.   

3.2.2.1 FEASIBILITY STUDY: HIGH NUMBERS OF PARALLEL GAN-HEMTS 

Nowadays, there are no GaN-HEMTs modules as the ones available in Si, so parallel 

connection is required in order to withstand the current requirements. Due to their 

temperature characteristics, GaN semiconductors are generally well suited for 

parallelization. A positive temperature coefficient of the on-resistance RDS_on, as 

shown in Figure 13(a) for the GS66516T, contributes to an equal current sharing 

during conduction. Furthermore, in the parallel setup, switching losses will shift 

from devices with higher temperature to lower temperature devices, owing to the 

negative temperature dependency of the transconductance gm seen in Figure 13(b). 

Both of these effects positively influence the temperature distribution of parallel 

switches [39],[40] and [41]. 

 

FIGURE 13: TEMPERATURE DEPENDENT PARAMETERS OF GS66516T RELEVANT FOR 

PARALLELIZATION [48] 

However, the fast switching of the GaN devices requires increased attention on 

circuit parasitics, especially when devices are used in parallel operation. In [40], 

[41] the most critical circuit parasitics (Figure 14) and their effects are identified. 



 

 

 

 

 

33 

 

FIGURE 14: EQUIVALENT HALF-BRIDGE CIRCUIT DIAGRAM OF TWO PARALLEL GAN-HEMTS PER 

SWITCH [48] 

According to the analysis in [48], the mutual inductance M1-4, coupling power and 

gate loop, as well as the quasi-common inductance of the source LQS1-6 have the 

biggest impact on the switching process and should receive the greatest attention 

during the design. The previously mentioned references suggest an optimum layout 

and further verify the operation of a half-bridge with four GS66516T per switch.  

[42]investigates the current distribution in 4 parallel GS66516T, including shunts 

for current measurement. Despite the use of special low inductance shunts, the 

contribution to the quasi-common source inductance LQS1-6 resulted in reduced 

functionality of the circuit. 

In [39], the parallel operation of three GS66516B is analyzed and the temperature 

distribution evaluated, which yields promising results. Literature does not yet 

provide information on a number of more than four parallel GaN semiconductors.  

3.2.2.2 PASSIVE ELEMENTS DESIGN 

Following the same procedure than for the Si-MOSFET configuration, passives are 

calculated. The design input parameters are now given by: 

 VpDC = 150 V 

 Fsw = 200 kHz 

 IpDC = 175 Apeak 
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The values for the different passive elements are shown in Table 7. 

TABLE 7: MAIN PARAMETER VALUES FOR THE DOUBLE-STAGE GAN-HEMTS CONFIGURATION 

Parameter Value (nominal) 

CpDC 128 µF 

Lint 2,3 µH 

VpDC 150 V   

Fsw 200 kHz 

CsDC 38 µF 

LTPDAB 4,3 µH (secondary) 

VsDC 400 V 

 

 SINGLE-STAGE CONFIGURATION WITH GAN-HEMTS DEVICES 3.2.3.

An alternative design option with a GaN-based topology, considers the use of a 

single-stage power converter, keeping the TPDAB stage for the galvanic isolation 

while removing the ISR. For this design, reference device GS1008T (90 A-100 V) for 

the battery side is proposed. Figure 15 shows the schematic of the single stage 

using parallel GaN devices. 

 

FIGURE 15: GAN DEVICE PARALLELIZATION FOR THE TPDAB CONVERTER 

In this alternative configuration, the battery-pack terminals are directly connected 

to the TPDAB. Considering the target 18 kW peak power, 360 A continuous (600 A 

peak) current capability is needed. The transformer design is accommodated to the 

new input voltage range (42-53 V), leading to a turns ratio change from 3/8 to 1/8 

(50/400). Same 200 kHz switching frequency from dual-stage topology is kept. The 

50 V value is chosen as an intermediate battery voltage. In order to deal with a 
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variable transformer input voltage, an additional duty ratio modulation is 

proposed. On top of 50 % constant duty-ratio phase-shift used for the power 

transfer control in the dual-stage, a variable duty is used so the input voltage is 

kept at a fixed average value. 

3.2.3.1 PASSIVE ELEMENTS DESIGN 

For this configuration, the design parameters are the same than for the previous 

case. Considering the input DC-link (VpDC voltage) is now directly connected to the 

battery terminals, CpDC is chosen to reduce the ripple current through the battery 

below 2 %. The idea here is to mitigate excessive battery degradation due to the 

additional current harmonics and consequent additional losses. 

TABLE 8: MAIN ELEMENT PARAMETER VALUES FOR DOUBLE STAGE: GAN CONFIGURATION 

Parameter Value (nominal) 

CpDC 500 µF 

Lint 2,3 µH 

VpDC 150 V   

Fsw 200 kHz 

CsDC 38 µF 

LTPDAB 4,3 µH (secondary) 

VsDC 400 V 

 

3.3. POWER DEVICES SELECTION AND ANALYSIS 

According to the previous sections, three different alternatives, using two different 

topologies has been proposed. Considering those alternatives and the requirements 

of voltage, current and frequency, selected devices are shown in Table 9.  

TABLE 9: SELECTED DEVICE PER TOPOLOGY 

Device Type VDS IDS Config. Topology 

Working 

Rates 

Parallel 

devices 

IXFN360N15T2 Si-

MOSFET 

150 

V 

310A Dual Stage: Si-

MOSFET 

ISR 115V and 

120Adc 

None 

Dual Stage: Si- TPDAB 115V and None 
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MOSFET (LV) 143Arms 

IXKN75N60C Si-

MOSFET 

600V 75A Dual Stage: Si-

MOSFET 

TPDAB 

(HV) 

400V and 42 

Arms 

None 

GS66516T GaN-

HEMT 

650V 60A Dual Stage: 

GaN-HEMT 

ISR (D.S) 150V and 

120Adc 

 

4 

Dual Stage: 

GaN-HEMT 

TPDAB 

(LV) 

150V and 

143Arms 

4 

Dual Stage: 

GaN-HEMT and 

Single Stage 

TPDAB 

(HV) 

400V and 42 

Arms 

2 

GS61008T GaN-

HEMT 

100V 90A  TPDAB 

(HV) 

400V and  

424Arms 

8 

 DEVICES BASIC CHARACTERISTICS 3.3.1.

While the use of Si-MOSFETs and Insulated-Gate Bipolar Transistors (IGBTs) is 

generally well understood and documented in literature, there are some notable 

differences to the conduction and switching characteristics of GaN-HEMTs. Many 

switching applications, including the classic three-phase voltage source inverter, 

require the capability to conduct a current in both positive and negative direction. 

While Si-MOSFETs incorporate an intrinsic anti-parallel body diode, IGBTs are 

commonly paired with separate anti-parallel diodes to allow the third quadrant 

operation [49]. In contrast to IGBTs, GaN-HEMTs have the ability to conduct 

through the same channel in forward and reverse direction. If no gate voltage is 

applied, the so-called reverse self-commutation takes place once a certain 

threshold voltage vGD,th from gate to drain is exceeded. This behaviour is shown in 

the output characteristic of the GaN-HEMT depicted in Figure 16. 
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FIGURE 16: OUTPUT CHARACTERISTIC OF GAN-HEMT, [50] 

In reverse self-conduction, the characteristic is similar to an anti-parallel diode 

with higher forward voltage drop Vf , with the clear difference, that a GaN-HEMT 

does not incorporate the reverse recovery effect of a Diode. If during reverse 

conduction a positive gate source voltage VGS is applied, the conduction 

characteristic becomes similar to positive conduction with a resistance 

approximately equal to RDS,on [50], [51]. Figure 16 illustrates this gated reverse 

conduction for VGS = 6 V. 

For the selected devices, manufacturer characteristics are included in the 

document. 

IXFN360N15T2 

This device is selected for the ISR stage and the primary side of the TPDAB 

converter. Main reasons for its selection are the low Rdon and high device-level 

current capability up to 360 A, even though limited by the lead current to 200 Arms  

(900 Apeak). Main characteristics are shown in Figure 17 and packaging in Figure 18. 
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FIGURE 17: IXFN360N15T2 ELECTRICAL CHARACTERISTICS 
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FIGURE 18: SI-MOSFET CASE MODEL 

IXKN75N60C 

This device is used in the high-voltage side of the TPDAB stage. In this case the 600 

V 75 A is selected due to the good matching of required voltage and current levels. 

Also the packaging and the gate voltages are similar to the IXFN360N15T2 allowing 

use the same driver board specifications (mechanical and electrical) for both 

devices. As in the previous case, main characteristics are shown in Figure 19. The 

same case as the previous device is used. 
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FIGURE 19: IXKN75N60C ELECTRICAL CHARACTERISTICS 

GS61008T 

One of the selected GaN devices is the GS61008T from GaN Systems, Figure 20. This 

device is studied for the TPDAB configuration. Model parameters are presented in 
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Figure 21. With 100 V and 90 Idc is the highest-current GaN device available in the 

market. 

 

FIGURE 20: GAN SYSTEMS GS61008T DEVICE 

 

FIGURE 21: GAN SYSTEMS GS61008T CHARACTERISTICS 



 

 

 

 

 

42 

GS66516T 

This device (see Figure 22) is selected since it has a high-current capability, 60 A, 

with a high blocking voltage 650 V. Datasheet parameters are shown in Figure 23. 

The reason about selecting a 650 V device for the intermediate DC-link in the dual-

stage configuration (150 V) is that there is not any device in the market with lower 

blocking voltage capability able to withstand the required voltage. Thus, it is 

proposed to use this device both at the ISR and TPDAB stages of the dual-stage 

solution and also for the high-side TPDAB in the single-stage topology proposed 

before. Regarding the current capability, parallelization at device level, as shown 

in Figure 15 is proposed. 

 

FIGURE 22: GAN SYSTEMS GS66516T DEVICE 
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FIGURE 23: PARAMETERS OF THE GAN SYSTEMS GS66516T DEVICE 

 DEVICE POWER LOSSES ESTIMATION 3.3.2.

Modelling semiconductor losses precisely is a central target of any power converter 

simulation. Simulation tools in SPICE-environment can achieve high precision for 

switching losses by utilizing detailed electrical models, which include parasitic 

elements [52]. With wide-bandgap semiconductors like the introduced GaN-HEMT 

and corresponding rise/fall times as low as under 5 ns, simulating the detailed 

switching transient, however, heavily reduces the simulation speed [53]. Evidently, 

there is a trade-off between simulation speed and detail. When both thermal and 

electrical systems are simulated together, very low time constants derived from 

the switching dynamics are paired with very high time constants of the thermal 

system. Altogether, this results in low simulation speed. In PLECS, this dilemma is 

solved by electrically processing the switching instant as ideal lossless switching, 

and feeding losses, described through 3D lookup tables (Figure 24), to the thermal 

system. These losses depend on switching voltage, switching current, temperature 

and also on the properties of the implemented gate driver. The recommended 

value for the gate on-resistance RGon = 10 Ω and a conservative value of RGoff = 7 Ω 
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as gate resistance are selected as starting point. The relatively high off-resistance 

value originates from the maximum gate driver current capability. As gate 

voltages, the values of a parallelization test board of GaN Systems, described in [7] 

of VGSoff = -5 V, VGSon = 7 V are used for a first simulation analysis. The negative off 

voltage is utilized to increase the gate driver’s noise immunity and prevent false 

turn-on. 

The evaluation of the proposed devices has been used by simulation at switching 

level using PLECS software. Power losses are accounted considering conduction and 

switching losses. A detailed thermal analysis has been carried out to determine the 

need of device-level parallelization as well as heatsink selection. 

The switching losses are determined through 3D look-up tables (LUT), usually 

provided by the manufacturer in the device datasheet. The LUT store the 

dissipated energy during switching-on and off in function of current, voltage and 

temperature as illustrated in Figure 24. These LUT are used to determine the 

energy needed to close or open the device each time a turn-on/turn-off command 

is received.   

 

FIGURE 24: EXAMPLE OF A SWITCHING LOSSES 3D LOOKUP TABLE 

In addition to using LUTs, some manufactures give the turn-on and turn-off 

energies in the shape of an equation that depends on the rising/falling time 

(𝑡𝑜𝑛/𝑡𝑜𝑓𝑓). In that case, the energy losses are calculated using (3.5a) and (3.5b). 

The losses calculation is also done using 3D LUT in PLECS, this time storing ton and 

toff. Both techniques can be used in order to calculate the switching losses 

depending on the information provided by the device manufacturer. 

𝐸𝑜𝑛 = 𝑡𝑜𝑛(𝑇, 𝑖)𝑖 𝑣 (3.5a) 

𝐸𝑜𝑓𝑓 = 𝑡𝑜𝑓𝑓(𝑇, 𝑖)𝑖 𝑣 (3.5b) 
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A similar procedure is used to calculate the conduction losses. In this case the 

power loss during the conduction is given by (3.6) and a 3D LUT is used for store 

the Rdon information as given by the manufacturer. 

𝑃𝑐𝑜𝑛𝑑 = 𝑖2 𝑅𝑑𝑠𝑜𝑛(𝑇, 𝑖) (3.6) 

 

 DEVICE THERMAL MODEL 3.3.3.

Thermal analysis in PLECS is done by using the Cauer network, where the different 

parameters are given by the manufacturer. As an example, Figure 25 shows the 

Cauer network for one of the proposed GaN devices (GS66516T6T) when connected 

to a heatsink by using a thermal interface material (TIM). 

 

FIGURE 25: CAUER NETWORK OF A SINGLE SEMICONDUCTOR CONNECTED TO THE HEATSINK 

The selection of TIM is critical since the device must be isolated from the heatsink 

to avoid electrical damage while keeping a good thermal interface with the 

heatsink. An example of TIM is the Bergquist Sil-pad 400 with a dielectric strength 

of 20 kV/mm and a thermal conductivity of 0.9 W/(m K). Based on the value of 

compression, it is possible determine the RTIM, i.e. for Berguist Sil-Pad 400 with 50 

psi the value is 0.0024 W/K while keeping a safe isolation distance of 2.7 mm. 

With the simulation model the system could be analyzed, however, the simulation 

would require an excessive amount of time due to the high time constants 

associated with the heatsink. Thus the thermal system is slightly modified to yield 

steady-state results in an acceptable time. As the capacitance of the heatsink 

contributes to the biggest time constant, the thermal system is simulated without 

this capacitance, as seen in Figure 25. This approach is a modified version of the 

mean-value analysis described in [49], with the difference that only the highest 

time constant is eliminated. 
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FIGURE 26: THERMAL SYSTEM FOR CONTINUOUS RATING ANALYSIS 

 DUAL-STAGE IMPLEMENTATION 3.3.4.

In this section, the device-level losses analysis for the implementation of the dual-

stage topology using Si-MOSFET devices is conducted. Main parameters used for the 

simulation analysis are introduced in Table 10. 

 

TABLE 10: PARAMETERS FOR LOSSES AND THERMAL CALCULATIONS 

Parameter Value (Si-Based) Value (GaN-based) 

CpDC 1510 µF 500 µF 

Lint 92 µH 2.3 µH 

VpDC 115 V   150 V   

Fsw 20 kHz 200 kHz 

CsDC 370 µF 38 µF 

LTPDAB 42 µH (secondary) 4.3 µH (secondary) 

VsDC 400 V 400 V 

Power 18 kW 18 kW 

Devices IXFN360N15T2// IXKN75N60C GS66516T 

 

3.3.4.1 SI-MOSFET BASED  

As commented before, losses analysis is conducted in PLECS, Figure 27, by building 

lookup tables with the data provided by the manufacturer. For the proposed 
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device, ton and toff times are given according to the data shown in Figure 28, while 

Rdson is given in Figure 29.  

 

FIGURE 27: PLECS SIMULATION SWITCHING CIRCUIT 

 

  

FIGURE 28: IXFN360N15T2 TURN-ON AND TURN-OFF CHARACTERISTICS 

 

FIGURE 29: RDS NORMALIZED TO ID = 180A VALUE VS. DRAIN CURRENT 
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With these LUTs, and using equations (4a), (4b) and (5) the switching and 

conduction losses are calculated.  

Considering that all the devices operate under the same conditions, only one 

branch is used under the worst case that the device can work at: 120 Adc for the ISR 

and 200 Apeak for the primary side of the TPDAB. Results are shown in Table 11. 

TABLE 11: IXFN360N15T2 POWER LOSS CALCULATION 

Max Current Power Loss per Device (maximum) 

120 Adc 116 W Conductive Losses / 118 W Switching Losses 

200 Apeak 33 W Conductive Losses / 35 W Switching Losses 

 

For the IXKN75N60C the equation and the parameters of the switching losses are 

implemented based on the equation, meanwhile conduction losses use the data of 

Figure 30. 

 

FIGURE 30: RDS(ON) NORMALIZED TO ID = 75A VALUE VS. DRAIN CURRENT 

Following the same procedure than for previous Si-MOSFET devices, power losses 

are calculated for the maximum current in the case of IXKN75N60C, as shown in 

Table 12. 
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TABLE 12: IXKN75N60C POWER LOSS CALCULATION 

Max Current Power Loss per device (maximum) 

65 Apeak 25.5 W Conductive Losses / 5 W Switching Losses 

 

With this parameters and Figure 31, the thermal analysis is done in PLECs for all 

the devices, where the parameters are given by the manufacturer, Table 13 and 

Table 14. 

  

FIGURE 31: SI-MOSFET CAUER SCHEMA 

TABLE 13: IXFN360N15T2 THERMAL PARAMETERS 

Symbol Value Description 

Rjc 0.14 K/W Junction to Case 

RTIM 0.65 W/(m K) * 0.0005 m Thermal Interface Material 

Cjc 0.15 K/W Junction to Case 
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TABLE 14: IXKN75N60C THERMAL PARAMETERS 

Symbol Value Description 

Rjc 0.22 K/W Junction to Case 

RTIM 0.65 W/(m K) * 0.0005 m Thermal Interface Material 

Cjc 0.11 K/W Junction to Case 

 

For the heatsink selection the dynamics of the temperature are neglected and only 

steady state temperatures are used. This heatsink is selected to keep temperature 

bellow 100ºC at nominal power (1C). The selected reference, shown in Figure 32, is 

the SV-8556N-RG42080L27/300FR that gives a 0.0674 K/W considering forced air 

flow. 

 

FIGURE 32: SELECTED HEATSINK: SV-8556N-RG42080L27/300FR 

The device temperature variation for one leg of each stage is shown in Figure 33,  

ISR; Figure 34, TPDAB low-side;  Figure 35, TPDAB high-side. 
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FIGURE 33: TRANSIENT TEMPERATURE ISR: ONE LEG DEVICES. BLUE LINE REPRESENTS THE 

UPPER DEVICE, ORANGE THE LOWER ONE 

  

FIGURE 34: TRANSIENT TEMPERATURE TPDAB: ONE LEG DEVICES. BLUE LINE REPRESENTS 

THE UPPER DEVICE, ORANGE THE LOWER ONE 
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FIGURE 35: TRANSIENT TEMPERATURE ISR: ONE LEG DEVICES. BLUE LINE REPRESENTS THE 

UPPER DEVICE, ORANGE THE LOWER ONE 

As explained before, for the Si-based converter, a first stage is used for reducing 

the current in the second stage and avoiding the need of parallel-device 

connection. When using the GaN-based approach, the devices allow for a much 

simpler parallelization. This triggers the possibility of a more compact single-stage 

design. When using a single-stage design, the battery-side devices rated voltage 

can be lowered to 100 V, while it requires a higher number of parallel devices. On 

the contrary, keeping the same two-stage approach, requires 650 V devices in both 

bridges sides and a reduced number of parallel devices.  

3.3.4.2 GAN-HEMT BASED 

As for the case of the Si-MOSFET, the switching and conduction losses have been 

calculated by simulation under PLECS, using the parameters given by the 

manufacturer. The model accounts for the parallel connection of devices by using 

the equivalent parameters resulting from the parallel connection in a single 

simulation unit. The results are shown in Table 15. 

TABLE 15: POWER LOSSES PER DEVICE FOR THE GAN GS66516T 

Max Current Power Loss per device (maximum)  

170 Apeak 57 W Conductive Losses / 6 W Switching Losses 

[4 parallel] 

65 Apeak 15 W Conductive Losses / 7 W Switching Losses 

[2 parallel] 

130 Adc 78 W Conductive Losses / 40 W Switching 

Losses [4 parallel] 
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As for the case of the Si-MOSFET, the thermal system is modelled through the 

equivalent electrical Cauer network, as presented in Figure 25. The parameters for 

this case are attached at Table 16. 

TABLE 16: GAN-HMET THERMAL PARAMETERS 

Symbol Value Description 

Rθ1 0.011 K/W GaN layer 

Cθ1 0.0425 mJ/K GaN layer 

Rθ2 00.231 K/W Si layer 

Cθ2 2.96 mJ/K Si layer 

Rθ3 0.11 K/W Attachment 

Cθ4 
1.01 mJ/K Attachment 

RTIM 1.84 K/W BERGQUIST HI-FLOW 300P 

TM 

 

The thermal simulation is done with an independent heatsink per branch, thus 

allowing the iPEC concept. Same scenarios than for the case of the Si-MOSFET are 

considered. 

Considering a heatsink with a thermal resistor of 0.6ºK/W, an steady-state 

increment of 30ºC is achieved for the worst case. The selected reference is the 

150CN-01250-A-200 with 1ºK/W (natural convection); 200 mm width, 25 mm height 

and 125 mm length. 

Both, 10 s maximum ratings and continuous ratings are simulated in order to verify 

the proper converter operation. The device temperature variation for one leg of 

each stage is shown in Figure 36, ISR; Figure 37, TPDAB low-side; Figure 38, TPDAB 

high-side. 



 

 

 

 

 

54 

  

FIGURE 36: TRANSIENT TEMPERATURE ISR: ONE LEG DEVICES. BLUE LINE REPRESENTS THE 

UPPER DEVICE, ORANGE THE LOWER ONE 

 

 

FIGURE 37: TRANSIENT TEMPERATURE TPDAB: ONE LEG DEVICES. BLUE LINE REPRESENTS 

THE UPPER DEVICE, ORANGE THE LOWER ONE 
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FIGURE 38: TRANSIENT TEMPERATURE ISR: ONE LEG DEVICES. BLUE LINE REPRESENTS THE 

UPPER DEVICE, ORANGE THE LOWER ONE 

 SINGLE-STAGE IMPLEMENTATION 3.3.5.

Single stage implementation introduce the Figure 39 to analysed the system in the 

proper manner.  

 

FIGURE 39: PLECS SCHEMATIC FOR SINGLE-STAGE CASE 

 

Considering the manufacturer device model and the switching model for the TPDAB 

configuration, the total losses for the most critical operating point are listed in 

Table 17, considering 6 parallel devices. 

TABLE 17: POWER LOSSES PER DEVICE FOR THE GAN GS61008T 

Max Current Power Loss per device (maximum) 

525 Apeak 100 W Conductive Losses / 10 W Switching Losses 
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Following the same procedure as before, the simulation is conducted for the 

maximum power losses. Values for the possible maximum current values at the 

different switches are shown in Table 18.  

TABLE 18: POWER LOSSES PER DEVICE FOR GAN GS66516T 

Max CurrentPower Loss per device (maximum) 

65 Apeak 15 W Conductive Losses / 7 W Switching Losses [2 

parallel] 

 

3.4. SIMULATION RESULTS 

 DUAL-STAGE 3.4.1.

3.4.1.1  SI-BASED RESULTS 

To analyse the system switching behaviour the maximum power case scenario is 

considered. Currents at different points are shown: ISR, TPDAB, low side (primary) 

and high side (secondary). Main simulation parameters are presented in Table 19. 

TABLE 19: SI-BASED SIMULATION PARAMETERS 

Parameter Value 

Vbat 48 V 

VpDC 115 V 

VsDC 400 V 

Power Bat 18 kW 

Switching frequency 20 kHz 

 

Figure 40 shows the current in each ISR leg. The effect of dead-time over the peak-

current can be seen, with a peak to peak different around 1 A among the legs. This 

different in the currents can be appreciated in Figure 41 as a peak ripple every 2 

cycles.   
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FIGURE 40: INTERLEAVED CURRENT SHARING 

 

FIGURE 41: BATTERY DISCHARGE CURRENT 

Figure 42 and Figure 43 show, respectively, the primary and secondary side of the 

TPDAB currents. Peak currents well below of the maximum device current can be 

observed. 
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FIGURE 42: TPDAB PRIMARY SIDE CURRENT 

 

FIGURE 43: TPDAB SECONDARY SIDE CURRENT 

With this simulation, converter overall losses are estimated. Results are shown in 

Table 20. 

TABLE 20: DUAL STAGE ESTIMATED EFFICIENCY 

Battery Power Output Power Efficiency 

1148W 1081 W 94.21 % 

9320 W 8737 W 93.75 % 

17880 W 16074 W 89.9 % 

 

 



 

 

 

 

 

59 

3.4.1.2 GAN-BASED RESULTS 

Using the same procedure than for the case of the Si-MOSFET, a overall converter 

simulation at switching level has been conducted. Considering in this case 

parameters are shown in Table 21. 

TABLE 21: GAN-BASED SIMULATION PARAMETERS 

Parameter Value 

Vbat 48 V 

VpDC 150 V 

VsDC 400 V 

Power Bat 18 kW 

Switching frequency 200 kHz 

 

From Figure 44 and Figure 45 it can be observed a similar ripple when compared to 

the Si-MOSFET case due to the reduced inductance according to the increased 

switching frequency. 

 

FIGURE 44: INTERLEAVED CURRENT SHARING 



 

 

 

 

 

60 

 

FIGURE 45: BATTERY DISCHARGE CURRENT 

Figure 46 and Figure 47 show, respectively, the primary and secondary side of the 

TPDAB currents. Compared to the previous case, a reduced current coming from 

the increase primary-side voltage can be observed. This shall reduce the converter 

conduction losses and the magnetics iron losses. 

 

 

FIGURE 46: TPDAB PRIMARY SIDE CURRENT 
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FIGURE 47: TPDAB SECONDARY SIDE CURRENT 

Finally, the converter efficiency is shown in Table 22. 

TABLE 22: DUAL STAGE ESTIMATED EFFICIENCY FOR GAN-HEMTS 

Battery Power  Output Power  Efficiency 

1623 W 1496 W 92.2 % 

9280 W 8885 W 95.75 % 

18150 W 16870 W 93.4 % 

 SYSTEM BEHAVIOUR: DUAL-STAGE 3.4.2.

To test the iBatt performance, three different transient simulations have been 

done using PLECs. Firstly, an average model simulation has been implemented in 

PLECS and compared with the switching-level simulation, both in PLECS and 

Matlab. Both 1C and 2C load cycles have been evaluated. The comparison is shown 

in Figure 48, where the average mode (blue trace) closely follows the switching 

model (red trace). 

 

FIGURE 48: COMPARISON BETWEEN SWITCHING MODEL (BLUE) AND AVERAGE MODEL (RED) 
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After the validation of the average model, a longer simulation considering 

extended operating points under different load-current demands has been 

conducted. The results for load steps at 1C and 2C are shown in Figure 49. The 

present results validates the expected maximum voltages to be below the 

maximum ratings, both for the 150 V and 600 V devices. This is shown in the VpDC 

and VsDC maximum values to reach 136 V and 414 V respectively. 

 

FIGURE 49: AVERAGE MODEL EVALUATION. A) VPDC RESPONSE. B) VSDC RESPONSE. C) LOAD 

CURRENT, POSITIVE CURRENTS MEANS A DISCHARGE PROCESS. D) ISR CONTROL ACTION 

(DISR). E) TPDAB PHASE SHIFT CONTROL ACTION (Ф) 

 

3.5. DESIGN SCALABILITY 

Despite the inner scalability of the topology in terms of power and the high-gain 
voltage (48/400 with a ±50V range), the proposed topology can be scaled, both in 
power and voltage by parallel or series connections of different iBatt modules. The 
parallel/series adds an interesting system capability: an active modular 
equalization among the modules. Two alternatives for the connection are provided: 
Input Series Independent Output (ISIO), Figure 50a and Input Parallel Independent 
Output (IPIO), Figure 50b. In the literature, the input/output ports are identified 
either as the battery or the DC-link. In this document, the DC-link is named as the 
input port.  
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FIGURE 50: A) ISIO CONFIGURATION, B) IPIO CONFIGURATION USING ISIO CONVERTERS 

The two proposed iBatt interconnection modes, introduce two different modes of 

module active equalization: 

Voltage sharing: Using the ISIO configuration, it is possible to manage the power 

flow given by one converter by inducing unbalances in the voltage shared by each 

iBatt module. Considering a series-module connection, the uneven share in the 

output module voltage induces differences in the power sharing. By controlling this 

sharing ratio, the charge/discharge per module can be actively controlled. An 

implementation for the equalization considering the operation under no-load 

condition is also included by connecting an external DC-link capacitor. The 

operation principle is shown in  Figure 51 and the corresponding waveforms in 

Figure 52. During no-load operation, equalization using the proposed method is not 

possible due to the load current being zero. Therefore, based on the idea of active 

equalization presented in [5], a voltage variation is introduced by charging and 

discharging the DC link capacitor. During the charge state (state 1 in Figure 52) 

those modules with higher capacity will impose a higher voltage than those with 

lower capacity. By power equivalence that will make the demanded power also 

smaller in the lower capacity modules. During the discharge, the opposite will 

occur (state 3 in Figure 52). It is worth noting that when moving from state 1 to 

state 3, it is mandatory to increase the voltage of those modules with lower 

capacity more than those with higher capacity, so an intermediate state, state 2 in 

Figure 52, is included. The same occurs when considering the 3 to 1 transition. 

Current sharing: Using IPIO configuration, different output currents per module 

can be controlled, thus varying the charge/discharge ratio of each module 

independently.  
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FIGURE 51: PRINCIPLE OF VOLTAGE SHARING UNDER NO LOAD FOR SERIES-CONNECTED 

IBATTS 

 

 

FIGURE 52: VOLTAGE SHARING UNDER NO LOAD FOR 2 SERIES IBATTS B1, B2 AND C1 AS 

DEFINED IN FIGURE 51 

3.6. ISOLATION CONSIDERATIONS 

Due to the series voltage scalability in the TALENT project, up to 3 kV, it is critical 

to consider the isolation needs of the different components with respect to the 

system ground. Considering the ground connection to be at the middle-point of the 

DC-link, as required for the use of the iBatt concept in the district-scale solution, 

the different electronic components inside each iBatt module has to be designed 

considering a maximum voltage blocking capability of half the DC-link value (1.5 

kV). It is also critical to remark that due to the regulations, any metallic housing 

has to be grounded, and thus the distances between any internal component and 

the housing also needs to consider the same blocking voltage capability. Within 

each iBatt module, different DC/DC power converters are used for powering-up the 
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control system as well as the driver devices. All the insulation barriers are designed 

considering reinforced insulation more than 3 kV.  Figure 53 shows the considered 

insulation scheme for the iBatt 

 

FIGURE 53: ISOLATION SCHEMATIC  

The insulation in the iBatt is divided into three parts: 
1. Measurement part (red): The DC bus voltage and the inductor current are 

measured by means of reinforced isolated amplifies (AMC1311BDWVR and 
AMC1301DWVR) which have an isolation voltage of 7 kVpk. 

2. Driver part (blue): Two complementary PWM signals from the 
microcontroller are needed to trigger the switches. Open collector output 
isolators (SI8711CC-B-IS) are used to isolate the signals from the 
microcontroller which has an isolation voltage of 5 kVrms. In order to supply 
the isolated part of SI8711CC-B-IS, DC/DC isolated Converter (R2S-2412) is 
utilized which has 3 kVDC isolation voltage. 

3. Supply part (green): Battery is main the source which supplies the 
microcontroller, the driver and the amplifiers. The battery voltage is 
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stepped down to 24 V by using DC/DC isolated converter which has a 
reinforced isolation voltage of 4 kVAC. Then, the voltage is stepped down to 
5 V by using DC/DC isolated converter (TEN 20-2411WIN). 

 

3.7. COST ANALYSIS 

As input data to the costs analysis, data gathered for the initial dual-stage Si-

MOSFET prototype, as well as quantity discount given by the manufacturers for 10, 

50, and 100 units in the different elements, are considered. All costs and prices are 

normalized base on the cost of the GaN single-stage configuration. 

 BATTERY COST 3.7.1.

Each iBatt module includes three main elements: the battery module, a DC/DC 

converter and the control system. For each configuration, there are common 

elements that are installed, independently of the DC/DC configuration. The cost 

for these elements is around twice the normalized cost. 

 DUAL-STAGE: SI-MOSFET COST ANALYSIS 3.7.2.

The costs analysis for the dual-stage is shown in Table 23. From this table, it is 

possible to determine that the passive components introduce the highest cost. 

Needed volume for the design implies a 500 mm x 405 mm x 400 mm room, that 

will be accommodated in an external housing as presented in Figure 54. 

TABLE 23: SI-MOSFET CONFIGURATION COST ANALYSIS 

Element Cost 

Drivers 0.23 

PWM (Control card) 0.04 

Passives 1.36 

dc-link 0.08 

Heatsink 0.09 

Devices 0.27 

CASE 0.23 

TOTAL 2.31 
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FIGURE 54: SI-MOSFET CONFIGURATION, DIMENSIONS IN MM 

 DUAL STAGE: GAN COST ANALYSIS 3.7.3.

For the dual-stage GaN-HMETS the switching frequency is increased to 200 kHz, 

thus reducing the size and the the passive elements. Considering the required 

power level for the iBatt converter, bespoke designs are needed.  At this design 

stage, the ISR inductor costs are estimated based on the manufacturer estimations. 

Table 24 shows the cost per element. There is a volume reduction and a noticeable 

gain in the system modularity, since the converter is implemented inside the 

battery module housing, Figure 55, where 42% of the volume is occupied by the 

power elements, being 58% free for mounting and set the different system plates. 

TABLE 24: DUAL-STAGE: GAN-HEMTS CONFIGURATION COST 

Element Cost 

Drivers 0.23 

PWM (Control card) 0.04 

Passives 0.46 

dc-link 0.03 
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Heatsink 0.06 

Devices 1.26 

TOTAL 2.09 

 

FIGURE 55: GAN-HMET CONFIGURATION, DIMENSIONS IN MM 

 SINGLE STAGE: GAN COST ANALYSIS  3.7.4.

In the single-stage configuration, the ISR stage is not considered and thus are not 

the associated components, magnetics and control elements. The cost analysis is 

presented in Table 25. For this alternative, the DC/DC converter is also introduced 

in the volume of Figure 55 and the space required for the DC/DC converter is 37% 

of the total volume.  

TABLE 25: SINGLE-STAGE: GAN-HEMTS CONFIGURATION COST 

Element Cost 

Drivers 0.16 

PWM_CONTROL 0.04 

Passives 0.28 

dc-link 0.03 

Heatsink 0.05 

Devices 0.44 

TOTAL 1 
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 COMPARATIVE COST ANALYSIS  3.7.5.

With the previous cost analysis, a comparative among the three different 

configurations is here established. In Figure 56, the total costs for the three 

options are gathered, whereas the relative impact on the total cost is shown in 

Figure 57. From Figure 57 it is possible to determine that the highest impact in the 

Si-based cost is due to the passive elements. By the contrary, in the GaN-based 

solutions the devices costs have the highest weight. This difference is expected to 

reduce in the coming years, considering GaN devices are still a relatively new 

technology compared to Si-MOSFET alternative. 

 

FIGURE 56: CONFIGURATION COST COMPARISON. LEFT BAR IS DOUBLE-STAGE SI-MOSFET, 

MIDDLE FOR DOUBLE-STAGE GAN AND RIGHT-SIDE FOR SINGLE-STAGE GAN-BASED 

 

FIGURE 57: ELEMENT IMPACT IN THE TOTAL COST. LEFT BAR IS DOUBLE-STAGE SI-MOSFET, 

MIDDLE FOR DOUBLE-STAGE GAN AND RIGHT-SIDE FOR SINGLE-STAGE GAN-BASED 
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Assuming an industrial margin of the 35%, prices are estimated in Table 26. 

TABLE 26: ESTIMATED PRICES NORMALIZED WITH POWER AND ENERGY 

Configuration Price Power €/kW €/kWh 

DS: Si-based  3.12 18 kW 0.17 0.35 

DS: GaN-based 2.82 18 kW 0.16 0.31 

Single Stage 1.35 18 kW 0.07 0.15 

With similar DC/DC converter available in the market, and assuming the 

implementation introduced in the final setup is the single-stage, a comparison with 

four different commercial option is shown in Table 27. It shall be noticed that 

Options 3 and 4 will require additional costs due to the need of external liquid 

cooling system. 

TABLE 27: MARKET ALTERNATIVES AND COMPARISON 

Configuration Price Power Converter 

Gain 

€/kW €/kWh 

TALENT Single Stage 1.35 18 kW 48/400 0.08 0.16 

TALENT Single Stage (1C) 0.92 9 kW 48/400 0.10 0.11 

Commercial Option 1 2.23 5 kW 48/400 0.45 0.26 

Commercial Option 2 1.28 2.5 kW 48/400 0.51 0.15 

Commercial Option 3 3.31 12.5 kW 48/400 0.26 0.38 

Commercial Option 4 3.31 20 kW 48/800 0.17 0.38 

 

Final iBatt prices are shown in Table 28. 
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TABLE 28: IBATT PRICE COMPARISON WITH RESPECT TO COMMERCIAL SOLUTIONS 

Configuration iBatt Price 

1 DC/DC module 

iBatt Price 

(9 kW) 

TALENT Single Stage 4.17 4.17 

TALENT Single Stage (1C) 3.74 3.74 

Commercial Option 1 5.05 7.27 

Commercial Option 2 4.10 7.94 

Commercial Option 3 6.13 6.13 

Commercial Option 4 6.13 6.13 

As it can be seen, the target cost reduction in TALENT is achievable by the 

proposed design. Compared to the best available solution in the market, the cost 

reduction reaches more than 30% considering a 2C solution and near 39% for the 1C 

configuration. 

For the particular case of the multi-home, that requires a 800V DC/DC link, the 

following alternatives are considered: 1) a 400V battery interfaced by a 1:2 DC/DC 

power converter, 2) using 2 iBatts series-connected, 3) two passive-connected 48 V 

modules with a 1:8 DC/DC converter. The results are presented in Table 29. 

TABLE 29: COMPARISON FOR PLAUSIBLE MULTI-HOME SOLUTIONS FOR ESS INTEGRATION 

 2xiBatts 400 V Battery + 1:2 

DC/DC 

2x48 battery modules + 

1:8 DC/DC 

Price 6.23 7.00 6.36 

Power 36 kW 20 kW 12 kW 

Energy 18 kWh 10.24 kWh 18kWh 

€/kWh 0.35 0.68 0.35 

€/kW 0.17 0.35 0.53 

 
Considering the multi-home configuration, it is also clear that the proposed iBatt 
solution noticeable achieves the wanted TALENT cost reduction. Compared to the 
standard solution, using a 400 V battery, the cost reduction is 10%. This small 
reduction is however larger than the number considering that the energy is 18 kWh 
for the 2xiBatt solution and close to 10 kWh for the 400 V battery solution. 
Considering the normalized values, the differences, both in energy and power 
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terms, are above 45%. With respect to the passive series connection of two 48 
modules, the cost reduction is much smaller. However, is in this case where the 
flexibility of the TALENT solution has to be considered. The 2xiBatt configuration 
allows for an asymmetric operation of the two energy modules, that could 
potentially extend its life when unbalances occur in the passive series connection. 
Considering a 15-25% percent of energy loss due to module unbalance, then the 
passive solution's energy (and power) of the passive solution has to be reduced by 
that factor. Under that scenario, the cost reduction considering the TALENT 
approach is a 17-27% €/kWh. 

 

4. LOAD-SIDE CONVERTER 

 

4.1. INTRODUCTION 

The load-side converter allows the connection of the AC-loads (homes and building 

common services) to the distribution grid. In the TALENT project, a novel modular 

approach is proposed that enables a complete manageable and integrated 

distributed resources control by using the iPEC concept (see Figure 2). The 

proposed topology is shown in Figure 58 and the connection to the internal DC-link 

in Figure 59. As it can be observed, the homes power supply is given by single-

phase DC/AC inverters which are parallel-connected to the split DC-link. This 

connection enables the use of GaN devices, having a maximum blocking voltage of 

650 V which is large enough to deal with maximum DC-side voltages of 450 V (half 

the total maximum DC-link voltage of 900 V). The use of GaN devices enables much 

higher switching frequencies (100 - 200 kHz as the design target) that allows for a 

much reduced size, improved THD and thermal management. These converters are 

physically placed at the building electrical meters cabinet and are designed 

considering reliability, hot connection/disconnection and fault isolation. The 

proposed design is easily extended to buildings with an arbitrary number of AC-

loads. The use of the same reference design for all the AC-loads allows for a cost 

reduction due to scale economy when compared to the installation of an 

alternative single converter for all the AC-loads. On top of that, the proposed 

solution allows for a much better building reliability, as any fault in the AC-side can 

be isolated without compromising the remaining AC-loads. 
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FIGURE 58: FULL-BRIDGE CONVERTER USED FOR THE INTERFACE OF THE SINGLE-PHASE 

(HOMES) LOADS 
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FIGURE 59: CONNECTION OF TWO SINGLE-PHASE AC-LOAD CONVERTERS CONSIDERING THE 

PROPOSED SPLIT BUS 

4.2. SEMICONDUCTOR SELECTION  

As mentioned above, the proposed converters are implemented using GaN-HEMTS 

devices. According to the available market devices shown in Table 6, those having 

650 V capability are selected. Considering the maximum target power per single-

phase converter (10 kW), the reference from GaN-systems offer large enough 

current capability (60 A) that even allows for protection in the case of large surge 

currents due to AC-side faults. 
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4.3. PASSIVE ELEMENTS SELECTION 

Considering the GaN-based solution, the design for the magnetics is shown in Table 

30. Regarding the DC-link capacitors, an independent DC-link capacitor block, 

common for all the individual converters, will be used.  

TABLE 30: INDUCTOR PARAMETERS 

Parameter Material 

Core E65/E70 Ferrite 

Former Copper Band 

 

4.4. GROUNDING SYSTEM AND PROTECTION SYSTEM DESIGN 

The grounding system for the AC-loads connection is of critical importance for the 

correct protections operation. The proposed grounding scheme is here explained. 

In most of the European countries, the neutral point of the low-side distribution 

transformer is grounded at the transformation center. It is considered the simplest 

and most economical solution to design and install. The neutral connection is 

distributed to the point of connection of the different buildings downstream the 

transformation center. At the building location, a local ground connection is also 

available. The different loads and appliances include a ground connector that 

effectively grounds the housing of the load, thus allowing the differential 

protection to act in the case of any leaking current. The scheme is shown in Figure 

60.  

In the TALENT proposal, the loads are not directly connected to the distribution 

cables, but instead to the AC-output of power converters, as shown in Figure 59. In 

there, the DC-link middle point is locally grounded, while none of the two AC-

outputs (labelled as L and N from line and neutral) are connected to ground. The 

different protection devices are connected in the AC-output, at the same 

protection box where is located in the nowadays cabling. 
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FIGURE 60: PROTECTION SCHEME FOR THE AC-LOADS CONNECTION AND PROTECTION BOX 

The typical protections at residential level include the circuit breakers and the 

residual current operated circuit breakers (RCCB) for differential protection. The 

IEC 60364-4-43 normative is commonly used for circuit breakers while IEC 61008 

and IEC 60755 codes are used for RCCB. It is noted that C-curve circuit breakers are 

commonly used in residential installations (with different ratios depending on the 

type of circuit to protect) while 30 mA RCCB are commonly found in residential 

installations.  

The typical tripping characteristic of a C-type circuit breaker is shown in Figure 61. 

The circuit breaker opens in 0.01 seconds if the current between the LN terminals 

is between 5 and 10 times the nominal current of the circuit breaker. 
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FIGURE 61: TRIPPING CHARACTERISTICS OF A C-TYPE CIRCUIT BREAKER 

For the differential protection in the domestic and similar fields, the standards IEC 

61008 (differential switches) and IEC 61009 (differential circuit-breakers) define 

standardized values of the operating times corresponding to the general 

instantaneous operating curves (G in Figure 62). In this case the protection will be 

activated in 0.04s if the fault current is 5 times higher than the sensitivity of the 

protection device. 

 

FIGURE 62: MAXIMUM OPERATING TIME CURVES FOR DIFFERENTIAL SWITCHES AND 

DIFFERENTIAL GENERAL PURPOSE INSTANTANEOUS (G) AND SELECTIVE (S) SWITCHES, 

ACCORDING TO IEC 61008 AND IEC 61009 
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Under this connection scheme, three scenarios are here simulated in order to test 

the effectiveness of the protection system. A C16 type circuit breaker (16 Amps, 

type C) and a 30 mA RCCB are used. The following fault conditions are asserted: 

 Line-to-Neutral short circuit. In this case the reliability of the protection 

system relies on circuit breakers. The fault current will flow from the L to N 

terminals, therefore there will be no current through the building ground. As 

shown in Figure 63, the circuit breaker is activated in the desired time interval 

(10 ms), the fault being therefore cleared. Thus, while the circuit breaker 

opens there is a fault current from L to N terminals. Once the protection device 

is opened, the home is physically disconnected from the converter, clearing the 

fault. 

 

FIGURE 63: LINE-TO-NEUTRAL SHORT CIRCUIT TEST 

 Line-to-ground short circuit. In this case the fault current will flow through the 

building ground from the Line terminal so the RCCB device should be activated 

to clear the fault. As can be seen in Figure 64, when the fault current is higher 

than 5 times the sensitivity of the protection device (30 mA in this case) the 

device opens with a delay following Figure 62. The fault is therefore cleared by 

disconnecting the loads from the single-phase inverter. 
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FIGURE 64: LINE-TO-GROUND SHORT CIRCUIT TEST 

 Neutral-to-ground short circuit. This is an equivalent scenario to that shown in 

the previous test since in the TALENT design none of the L and N terminals are 

electrically grounded. Thus, the RCCB device opens when the current grounds 

and the fault is cleared at the desired time (Figure 62). 

 

FIGURE 65: NEUTRAL-TO-GROUND SHORT CIRCUIT TEST 
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It must be concluded from the previous tests that the TALENT design in the AC-

loads side does not compromise the security of the home users. The traditional 

protection scheme can be safely used without affecting the reliability and 

efficiency of the protections.  

At this point it should be remarked that the single-phase inverter can be also used 

as a protection device.  Its internal protections will trip the inverter before the 

current reaches the values shown in Figure 63, Figure 64 and Figure 65 due to the 

inherent protection of the inverter. This means that protections located in the 

home protection box may not been activated in some cases but the security is 

increased since the magnitude and the time of exposure to the current are lower. 

At the same time, this will allow to rearm the system automatically without the 

user's assistance if the electrical fault disappears, increasing the availability and 

the quality of service to the home users. 

5. INTERLINKING CONVERTER 

The interlinking converter plays the role of the building front-end and the 

connection with the low-voltage AC-grid. The selected topology is based on a 

three-level NPC topology, which gives several benefits when compared to a 2-level 

approach. In particular, the distribution of the midpoint of the DC-link allows for 

the connection of GaN-based power converters, both for the iBatt and the AC-loads 

power converter due to their connection between the positive/negative buses and 

the mid-point, which is well below the maximum voltage rating of the used 

devices. Additionally, an improved THD as well as better scalability in terms of 

voltage and power is achieved. Following, an state of the art for suitable multilevel 

topologies for the interlinking converter implementation is developed. 

The name Multilevel inverter (MLI) defines the type of inverter itself. If the output 

of the inverter has more than two levels, it is known as multilevel inverter. MLI 

topologies provide several attractive advantages over the typical two level inverter 

[1],[9]: 

1. Output voltage generation with lower distortion and dv/dt stress. 

2. Can operate with a lower switching frequency resulting in lower switching loss. 

3. Can supply input current with very low distortion. 

4. Smaller common-mode (CM) voltage generation. The CM voltage can fully be 

removed by using advanced modulation techniques. 

5. Electromagnetic Interference (EMI) is reduced due to lower voltage steps 

resulting in reduction of filtering requirements and effect on insulation. 
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5.1. MULTI-LEVEL TOPOLOGIES 

 NEUTRAL-POINT CLAMPED (NPC) INVERTER 5.1.1.

Neutral-point clamped inverter, also known as diode-clamped inverter was first 

introduced by A. Nabae, I. Takahashi, and H. Akagi, which was developed for AC 

motor drive system [10]. The idea was to produce output voltage with lower 

harmonic components for reducing the losses and pulsating torques in the motor. 

After its invention, NPC inverters have been studied and used extensively for the 

last 39 years. The typical configuration of a three-level NPC is depicted in Figure 

66a. Here, DC-link voltage is divided into three levels by using two series-

connected capacitors. The output voltage is comprised of three states : Vdc/2, 0 

and −Vdc/2. When the two upper switches are on, the output voltage is Vdc/2, when 

two middle switches are on, the output voltage is 0, and when the two down 

switches are on, the output voltage is −Vdc/2. The role of the two represented 

diodes is to clamp the switch voltage to half the level of the DC-link voltage [8]. 

Figure 66b represents the five-level NPC, which has four series-connected 

capacitors for dividing the DC-link voltage into five levels (Vdc/2 , Vdc/4 , 0 , 

−Vdc/4, and −Vdc/2). The number of capacitors (NCNPC) and clamping diodes (NCDNPC) 

depends on the level (n) of the inverter, which is written in equation form in (5.1) 

and (5.2)  [11], [13]. 

Ncnpc = n − 1               (5.1) 

Ncdnpc = Ncnpc ∙ (n − 2)   (5.2) 

The main advantages of NPC topology are its simple construction, small leakage 

current, high efficiency [14], [15], compatibility for back-to-back topology, high 

voltage back-to-back inter-connection or adjustable speed drives [16]. The major 

shortcoming is unequal loss distribution, which results in unsymmetrical 

temperature distribution among the semiconductor junctions [17],[18],[19]. The 

other disadvantages are i) DC voltage balancing for higher level NPC, ii) Because of 

discharging or overcharging of the DC level without accurate control, the real 

power flow becomes challenging [11],[21]. 
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FIGURE 66: NPC CONFIGURATION. A) LEFT-SIDE, THREE-LEVEL NPC. B) RIGHT-SIDE, 5-LEVEL 

[8] 

 FLYING CAPACITOR (FC) INVERTER 5.1.2.

Flying capacitor (FC), also called capacitor clamped inverter was first proposed by 

Maynerd and Foch in 1992 [12]. The circuit arrangement is almost similar to the 

NPC, except one part: NPC uses diodes to clamp the switch voltage whereas FC 

uses capacitor for clamping [13]. The typical three level and five level capacitor 

clamped inverter is depicted in Figure 67. Similar to NPC, the output voltage is 

composed of three states as shown in Figure 67a: Vdc/2, 0, and −Vdc/2. When T1 & 

T2 switches are on, the output voltage is Vdc/2, when either T1 & T1
’ or T2 & T2

’ 

switches are on, the output voltage is 0, and when T1
’ & T2

’ switches are on, the 

output voltage is −Vdc/2. Charging and discharging of the clamping capacitor, C3 is 

done by switching on T1 & T1
’ and T2 & T2

’ accordingly. As the number of level 

increases, the number of clamping capacitors, DC-link capacitors and other 

components also increases respectively. The number of DC-link capacitors (NCFC) 

and number of clamping capacitors (NCCFC) can be presented by the (5.3) & (5.4), 

where n is the number of levels [16]. 

 

FIGURE 67: SINGLE PHASE LEG OF FLYING CAPACITOR INVERTER [8] 

NcFC = n − 1               (5.3) 

NcCFC = NcFC ∙ (n − 2)/2  (5.4) 
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 CASCADED H-BRIDGE (CHB) INVERTER 5.1.3.

The cascaded H-bridge inverter is developed by cascading several single phase H 

bridge inverter cells in series as shown in Figure 68. 

 

FIGURE 68: CASCADED H-BRIDGE (CHB) INVERTER [9] 

Each inverter cell can generate the output voltage consists of three levels : +Vdc, 0, 

−Vdc. As the inverter cells are connected in series, the number of levels (NCHB) of 

output phase voltage is given by (5.5) 

NCHB = 2n − 1               (5.5) 

where n represents the number of input DC voltage sources. For the 5 level CHB 

inverter, the output voltage can provide the following five levels: +2Vdc , +Vdc , 0, 

−Vdc , −2Vdc . 

The advantages of CHB topology are: (i) Construction and maintenance is easy as 

the inverter topology is fully modular [9], (ii) it requires less number of 

components compared to the other popular multilevel inverters [8], (iii) Higher 

voltage levels can be achieved, (iv) Manufacturing cost is less [16], It also has some 

disadvantages such as, (i) Separate DC sources are required [11], (ii) Voltage 

imbalance can appear among different phases of inverter [16]. 

 ACTIVE NEUTRAL-POINT CLAMPED (ANPC) INVERTER 5.1.4.

The three level NPC topology has a major shortcoming- unequal loss distribution 

which results in unsymmetrical temperature distribution among the semiconductor 

junctions [17], [18], [19]. To overcome this drawback, a new topology named 

Active NPC inverter was proposed in [17], which exhibited promising results by 

replacing the clamped diode by fully controlled switches. The conventional circuit 

diagram of a single phase leg of a three level ANPC is shown in Figure 69. Similar to 

NPC topology, the DC-link voltage is divided into three levels by using two series 
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connected capacitors, C1 & C2 . The output voltage also consists of three states : 

Vdc/2, 0, -Vdc/2. Here T2 , & T3 are the active clamping switches. Each phase leg 

consists of six bidirectional switches (IGBT/MOSFET with anti-parallel diode). The 

number of capacitors (NCANPC) and clamping switches (NCSANPC) depends on the level 

(n) of the inverter, as shown in (5.6) and (5.7). 

 

FIGURE 69: SINGLE PHASE LEG OF ANPC 

NcANPC = n − 1               (5.6) 

NcsANPC = NcANPC ∙ (n − 2)  (5.7) 

Normally, in solar PV applications, due to the fact that power flow is unidirectional 

(from PV to the grid), the difference between the performance of NPC & ANPC 

topologies is not significant. On the other hand, for bidirectional power flow 

applications (such as BESS), ANPC has a major advantage compared to NPC 

topology, because, the commutation path does not shift with the change in power 

factor, thus can provide easily the adequate power factor span [20]. 

5.2. FOUR-LEG INVERTERS 

For the interlinking converter in the multi-home application, either 3 legs or 4 legs 

could be used for the interface to the AC-grid. We analyze in here the main 

features of the four-leg approach. In four-leg inverters, an extra leg is added for 

providing a path for the flow neutral current for unbalanced loads [22]. In the last 

few decades, some research works in the modulation and control of four-leg 

inverters were conducted [23], [24], [25], [26]. Four-leg inverters can be used in 

distributed generation units (DGs), active power-filters, dynamic voltage restores, 

fault-tolerant rectifiers and common mode noise reduction [22]. Figure 70 shows 

the circuit arrangement of a conventional four-leg inverter. Both four-leg four wire 

(4L4W) and three-leg four wire (3L4W) inverters can be used to supply loads which 

requires four-wire connection. 4L4W configuration provides some advantages as 



 

 

 

 

 

85 

indicated in Table 31, where two level 3L4W & 4L4W configurations are compared 

[25]. 

 

FIGURE 70: CONVENTIONAL TWO-LEVEL FOUR-LEG INVERTER 

TABLE 31: COMPARISON BETWEEN 3L4W & 4L4W INVERTERS 

 

5.3. MODULATION SCHEMES FOR 3LANPC 

In this section, step by step development process for the modulation of the 

proposed 4L4W ANPC will be illustrated. Firstly, the modulation of a single phase 

leg of ANPC is studied. Among different SPWM modulation methods, the analysis is 

here restricted to the one that allows for a good DC-link balancing behaviour. The 

same modulation scheme is following used for the 3L4W ANPC. Finally, using the 

modified Switching frequency optimal PWM (SFO-PWM) method, the analysis of the 

modulation for the 4L4W ANPC will be carried out. 

 MODULATION OF SINGLE PHASE ANPC 5.3.1.

The main advantage of ANPC topology over NPC is the availability of the choices of 

various neutral point clamping paths for the allocation of the conduction losses at 

the time of zero states. The schematic diagram for a single phase leg of ANPC has 

been already shown in Figure 69. Different types of SPWM strategies for ANPC 

control by using different zero states and conduction paths can be found in the 
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literature [28]. From those, one is picked in here for the good performance 

regarding DC-link bus balancing. 

The visual representation of the proposed modulation scheme is illustrated in 

Figure 71 and the switching pattern in Table 32. In this method, during the positive 

half cycle of the modulating signal (VM), if VM ≥ Vcr1 , T1 is ON, or else T2 is ON. 

Throughout the positive half cycle of the modulating signal T3, T4 & T6 are kept 

OFF, whereas T5 is ON. For the negative half cycle of the signal, if VM ≥ Vcr2, T3 is 

ON, or else T4 is ON. Similarly, T1, T2 & T5 are kept OFF, whereas T6 is ON. The 

switching sequences for the P & N state are similar to that of three level NPC. 

Compared to other proposed modulation schemes, the number of zero switching 

states is increased. As the number of zero switching state is increased, the loss 

distribution between the neutral clamping switching devices are improved. 

 

FIGURE 71:  ILLUSTRATIVE SPWM SCHEME 2 FOR THE SINGLE PHASE LEG OF ANPC 
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TABLE 32:  SWITCHING STATES & SEQUENCES OF 1L ANPC SPWM STRATEGY 

 

With the introduction of the new switching states, the switching losses are going to 

increase and the conduction loss to increase at the same time. The modulation 

scheme has been employed for investigating the functionality in simulation as 

shown in Figure 72. Simulation parameters are shown in Table 33. The DC-link 

voltage is adequately balanced and the output signal is modulated as per the given 

modulation index. 

 

 

FIGURE 72: WAVEFORMS OBTAINED USING PWM STRATEGY 2 FOR THE 1L ANPC 
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TABLE 33:  SIMULATION PARAMETERS FOR TESTING THE MODULATION SCHEMES FOR 1L ANPC 

 

 MODULATION OF THE THREE PHASE ANPC 5.3.2.

Considering the correct operation of the modulation scheme for the single phase 

ANPC, the next step is to extend the modulation scheme to three phase ANPC. 

Firstly, the modulation of three leg four wire (3L4W) ANPC and afterwards the 

modulation of the four leg four wire (4L4W) configuration will be carried out. 

5.3.2.1 MODULATION OF THE THREE LEVEL THREE-LEG FOUR-WIRE (3L4W) 

ANPC 

Figure 73 illustrates the circuit diagram of three level three leg four wire (3L4W) 

ANPC. As discussed earlier, each phase leg of 3L4W ANPC has six switches, so the 

total number of switches for this configuration is 18. The modulation of the 3L4W 

ANPC is relatively easy, because just repeating the SPWM-2 modulation scheme for 

all the three phase legs is adequate, and no extra technique has to be employed. 

The simulation parameters remains the same as Table 33. The load used for the 

simulation is balanced (L1 = L2 = L3 = 5 mH and, R1 = R2 = R3 = 40 Ω). Figure 74 

shows the DC-link voltages, phase voltage & current waveforms of the 3L4W ANPC 

for different values of modulation indexes. The results are sufficiently stable and 

desirable (The DC-link voltage is balanced and the output signals are well 

modulated). It can be stated that the modulation of the 3L4W ANPC is working 

properly. Figure 75 shows the % of THD of the output current (α-β axis) for 

different modulation index in 3L4W ANPC. Percentage of THD decreases as 

modulation index rises for both α-β axis current components. Although there are 

other factors which affects the signal quality such as output filter, this THD 

analysis is to demonstrate that the obtained current waveform from the 3L4W 

shows near to pure sinusoidal waveshape. 
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FIGURE 73:  3 LEVEL 3 LEG 4 WIRE ANPC 

 

FIGURE 74: WAVEFORMS OBTAINED FROM 3L4W ANPC 

 

FIGURE 75: THD OF OUTPUT CURRENT (Α, Β) IN 3L4W ANPC 
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5.3.2.2 MODULATION OF THE THREE LEVEL FOUR-LEG FOUR-WIRE (4L4W) 

ANPC 

Our final inverter topology, that will be used in the final model, three level four-

leg four-wire (4L4W) ANPC will be modulated in this subsection. Figure 76 

represents the circuit diagram of 4L4W ANPC topology. 

The most popular approach to modulate any four-leg inverter is switching 

frequency optimal PWM method (SFO-PWM) [27], where zero sequence (third 

harmonic) voltage is added to each of the control signals as shown in Figure 77. The 

corresponding equations for the zero-sequence voltage and the control signals are 

shown in (5.8)-(5.11). 

 

FIGURE 76: 3-LEVEL 4-LEG 4-WIRE (4L4W) ANPC 

 

 

FIGURE 77: SWITCHING FREQUENCY OPTIMAL PWM METHOD (SFO-PWM) FOR THE 4 LEG OF 

ANPC 
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𝑉𝑏𝑆𝐹𝑂
∗ = Vb

∗+
1

6
V0SFO

∗    (5.10) 

𝑉𝑐𝑆𝐹𝑂
∗ = Vc

∗+
1

6
V0SFO

∗    (5.11) 

The modulation of the 4L4W ANPC is tested in simulation under two scenarios: 

under balanced (R1 = R2 = R3 = 40 Ω, L1 = L2 = L3 =5 mH) and unbalanced load (R1 = R2 

= 40 Ω ,R3 = 10 Ω, L1 = L2 = L3 =5 mH). An inductance (L4 = 10 mH) is added between 

the neutral point and the fourth leg. Results are shown in Figure 78 and Figure 79. 

 

FIGURE 78: WAVEFORMS OBTAINED FROM MODIFIED SFO-PWM 4L4W ANPC WITH BALANCED 

LOAD SCENARIO 

 

FIGURE 79: WAVEFORMS OBTAINED FROM MODIFIED SFO-PWM 4L4W ANPC WITH 

UNBALANCED LOAD SCENARIO 

6. IPEC DESIGN 

The iPEC concept (Figure 2) allows for the implementation of autonomous 

intelligent power modules that can be reused as the basic construction units of 

different power converter topologies. The underpinning idea is to embed the 

digital control system together with the needed power electronics, driving circuits 

and sensing capabilities. By this concept, a common central control system, 
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independent of the number of switching devices needed, can be used for a wide 

range of applications. In this section, the design is discussed, including 

implementation of the power electronics, driver and sensing circuitry, digital 

control system and communications. Moreover, a proposed electrical and 

mechanical interface for the interconnection of different iPEC modules is also 

discussed. 

For the validation of the iPEC concept, the following constraints are assumed: 

 A maximum power rate of 10 kVA at 400 V is established. This is enough for its 

use within the iBatt concept and also as the DC/AC converters need for the 

single-phase (loads) interface. 

 A GaN-based solution is promoted, due to the improved power density, reduced 

magnetics and better thermal behaviour. 

6.1. MODULAR ARCHITECTURE DESIGN 
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6.2. INTERNAL IPEC STRUCTURE 

For the design of the internal structure of the iPEC, several elements have to be 

defined. In the following subsections, the need of parallel connection of GaN 

devices for power scalability, the design of the DC-link, the selection of the gate 

drivers and the physical distribution of the components over the PCB are fully 

described. 

 GAN DEVICES PARALELLIZATION FOR THE IPEC 6.2.1.

Considering the power constraints given in the iPEC introduction and the selection 

of GaN devices for the implementation, it is clear the need of device-level 

parallelization.  

In order to characterize the switching behaviour of high numbers of parallel 

devices, a double-pulse test PCB has been developed. The following section 

provides central information on the PCB design. The design is based on information 

given in [41], [43], and adjusted for the higher number of parallel switches. 

Hereinafter, the separate sub-circuits will be explained in more detail. Figure 80 

illustrates the switching cell with sixteen parallel semiconductors per switch. A 

higher than needed number of parallel devices has been tested so future increases 

in the power converter can be coped with the same design. Distributed gate and 

source resistors are added to each switch to ensure the damping of oscillations 

between the gates of the individual semiconductors [44]. 

 

FIGURE 80: PARALLEL SWITCHES AT TOP AND BOTTOM SIDES 
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 DC LINK 6.2.2.

The DC-link consists of 28 ceramic capacitors with a nominal capacitance of 2.2 uF 

each. Considering the reduction of effective capacitance due to the DC-bias effect, 

which ceramic capacitors suffer from, the effective capacitance per ceramic 

capacitor is approximately 1.1 uF [45]. This results in a total DC-link capacitance of 

around 31 uF for half-bridge. A total capacitance of around 133 uF is required in 

order to satisfy the voltage ripple requirements. A further increase of the total 

capacitance could be enabled through horizontally stacked ceramic capacitors or 

vertically placed MLCCs, as demonstrated in [46]. The configuration as it is in 

Figure 81 with 93 uF. 

 

FIGURE 81: CERAMIC DC-LINK PLUS ADDITIONAL ELECTROLYTIC CAPACITOR 

 GATE DRIVER 6.2.3.

The common gate resistors are paired with Schottky-diodes in order to allow 

separate adjustment of switch-on and -off time as shown in Figure 82. The initial 

gate resistances are designed to allow the fastest switching while staying within 

the driver's current capability (IXDN630MYI - 30 A), which has the highest current 

capability of a single driver found on the market. The driver can produce voltage 

rise and fall times of less than 20 ns [61].  Other options for the driver circuit, 

when a smaller number of devices is required, are listed in Table 34. 

 

FIGURE 82: GATE RESISTORS FOR ON AND OFF TIME 
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TABLE 34: HIGH-SPEED GATE DRIVERS 

Parameter IXDI614SI IXDN630MYI 

Peak source/sink drive 

current (Output Current) 

±14A ±30A 

Output Continuous 

current 

±4A ±8A 

Supply Voltage -0.3V to 40V -0.3V to 40V 

Rise time 25ns (CLOAD=15nF, VCC=18V) 11ns (CLOAD=5.6nF, VCC=18V) 

Fall Time 18ns (CLOAD=15nF, VCC=18V) 11ns (CLOAD=5.6nF, VCC=18V) 

On-Time Propagation 

Delay 

50ns (CLOAD=15nF, VCC=18V) 46ns (CLOAD=5.6nF, VCC=18V) 

Off-Time Propagation 

Delay 

50ns (CLOAD=15nF, VCC=18V) 46ns (CLOAD=5.6nF, VCC=18V) 

Due to the fast switching capability of GaN semiconductors, high ∆v/∆t is expected 

for the AC node. Consequently, high Common Mode Transient Immunity (CMTI) of 

the gate drive circuit is essential to ensure proper functionality. This is especially 

relevant for the top-side switches. In order to improve the CMTI, the DC/DC 

converters (U1, U2) in Figure 83 are paired with common-mode chokes. 

Additionally, the signal isolation is accomplished through a high CMTI circuitry 

made from the bipolar junction transistors (Q33, Q34) and the LED emulator 

isolators (U3, U5) as recommended in [47]. 

 

FIGURE 83: GATE DRIVER 
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The dead time, chosen 10ns for the simulations being 5ns the lowest that can be 

selected, generation circuit prevents any bridge short circuit through hardware and 

thus improves the protection of the circuitry (see Figure 84a). A passive discharge 

circuit is added in order to avoid the presence of high voltage in the circuit when 

the source is removed (Figure 84b). 

 

FIGURE 84: PERIPHERAL SAFETY CIRCUITS 

The recommended value for the gate on- resistance RG_on = 10 ohms  and a 

conservative value of RG_off = 7 ohms  as gate resistance are selected. The relatively 

high on-resistance value originates from the maximum gate driver current 

capability used in the feasibility study. As gate voltages, the values of a 

parallelization of GaN Systems is VGS_off = -5 V, VGS_on = 7 V are used. The negative 

voltage is utilized to increase the gate driver's noise immunity and prevent false 

turn-on. 

 PCB LAYOUT 6.2.4.

The layout of the half-bridge is of utmost importance. In order to guarantee a 

successful operation, parasitic inductances should be reduced as much as possible, 

especially in the commutation loop. After comparing several layout architectures 

found in literature [39]-[41], the final choice is made in favor of the layout 

depicted in Figure 85. 
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FIGURE 85: FINAL LAYOUT OF THE HALF-BRIDGE, ILLUSTRATED FOR EIGHT PARALLEL 

SEMICONDUCTORS 

This layout is an adaption of the design of [41] , with some modifications to make it 

suitable for the final application target. The commutation loop is indicated for one 

top/bot switch pair with red arrows, the gate loops with green arrows. This layout 

provides a low commutation loop inductance, easy scalability to a desired number 

of parallel semiconductors, and high volumetric density of the circuitry. The 

heatsink can easily be attached to the top side of the PCB and the AC busbar on the 

PCB can be located between the switches, which is further visualized in Figure 86. 

As the gate-drive loop inhibits asymmetries between the parallel semiconductors, 

this loop has to be designed carefully. A practical test will focus on evaluating 

switching behavior and oscillations between the gates. Figure 86 highlights the 

commutation loop in the vertical PCB stack-up for one bottom and top switch. 
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FIGURE 86: DESIGN OF THE COMMUTATION CELL 

The white arrows in Figure 86 mark the direction of currents during switching. Vias 

are depicted in blue. Through the design technique demonstrated in Figure 86, the 

parasitic inductance is reduced through flux cancellation. The current flow is in the 

opposite direction on adjacent layers, though a large portion of the magnetic field 

cancels out, thereby reducing the parasitic inductance [41]  

Another advantage of this design is, as mentioned, the location of the AC line on 

the top layer. Heavy copper PCBs allow thick copper layers up to 1 mm on the 

outer layers and the AC track can be connected to the heatsink by a thermal 

interface material. Both of these measures help to cope with the high currents and 

corresponding losses in the AC trace. The following images visualize the PCB 

design, which was created in Altium. 

 

FIGURE 87: TOP SIDE OF THE PCB 
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FIGURE 88: BOTTOM SIDE OF THE PCB 

6.3. DOUBLE-PULSE TEST 

The objective of the test PCB is to carry out a double-pulse test, verifying 

switching for currents up to 700 A. Figure 89 illustrates the setup and the current 

waveforms of a double-pulse test. The objective of the double-pulse test is 

essentially to test the switching cell at the desired voltage and current levels. In 

the first time section T1, the current in the test inductor is ramped up to the 

desired switching current. Thereupon, the bottom switch is turned off and the 

switch-off transient can be examined. After the period T2, the bottom switch is 

turned on again and the switch-on dynamics can be investigated. In period T4, the 

bottom switch is turned off again, the coil is demagnetized and the double-pulse 

test is terminated. In all switching periods, the top switch’s control equals the 

negated control signal of the bottom switch to prevent a bridge short circuit. A 

suitable dead-time has to be implemented to prevent bridge short circuits during 

switching. 

 

FIGURE 89: DOUBLE-PULSE TEST 
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 DOUBLE-PULSE TEST RESULTS 6.3.1.

Despite the highly experimental nature of these tests, full functionality of the 

chosen design could be verified. Figure 90 illustrates the measured waveforms of 

the double-pulse test at a DC-link voltage of 160 V and 705 A. The DC-link voltage 

is increased to 160 V to compensate for the voltage drop during current ramp-up. 

In this manner, the actual voltage of 120 V is switched off. The measurements of 

the double-pulse test depict the current in the test inductor IL, Gate-Source 

voltage vGS , and Drain-Source voltage vDS . It has to be noted at this point that for 

the measurements, an oscilloscope with a maximum sample rate of 2 Gsa/s was 

used due to availability. As the sampling is unequal throughout the time base and 

increased during the fast switching transients, the measurements hold validity, 

however, generally, a higher sample rate is desirable. 

 

FIGURE 90: WAVEFORMS OF THE DOUBLE-PULSE TEST AT 120 V, 705 A FOR OUTER 

TRANSISTOR Q18 

6.3.1.1 SWITCHING MEASUREMENTS 

Figure 91 displays the turn-on and turn-off transient in detail. It can be seen that 

both turn-on and turn-off represent clean switching, without sustained oscillations 

in vGS . The switching transients reveal a fall time of 15 ns during turn-on and a rise 

time of 13 ns during turn-off. The increased voltage before turn-on and after turn-

off corresponds to the free-wheeling period of the opposite switch. Despite the fast 

switching, the overshoot during turn-off is only 27 V, indicating the successful 

design of a low inductive commutation cell. 
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FIGURE 91: SWITCHING TRANSIENTS AT 120 V, 705 A FOR OUTER TRANSISTOR Q18 

6.3.1.2 EVALUATION OF PARALLELIZATION 

In order to identify potential mismatches in the switching dynamics of the parallel 

transistors, the transients are plotted together in Figure 92. Each of the curves was 

measured in a separate switching test, maintaining the same trigger point for vGS. 

Through this comparison, differences in the waveform-shapes can be identified, 

indicating mismatches in circuit parasitics between the parallel transistors. 

 

FIGURE 92: COMPARISON OF SWITCHING TRANSIENTS OF THE PARALLEL TRANSISTORS 

Figure 92 reveals good agreement of the switching transients among all transistors. 

The allocation of transistor number and position can be done by the help of Figure 

87. In terms of overshoot, equal numbers can be identified and in general Figure 92 

indicates good parallelization of the transistors. 
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7. MMPEC CONTROL SYSTEM DESIGN 

7.1. INTRODUCTION 

In TALENT, the MMPEC is in charge of handling the DC and AC power at multi-home 

level. This section shows its control architecture, including both the iBATT and the 

interlinking converter control approach. The iBATT internal controls the current of 

its corresponding module, while the interlinking control emulates a virtual 

synchronous generator (VSG). Its finally noted that under islanded conditions the 

iBATTs should take control of the bus voltage. This control operation will be 

implemented by using a centralized control architecture that will spread power 

references to all MMPEC participants. 

7.2. SYSTEM CONTROL ARCHITECTURE 

Figure 93 shows the general topology of a TALENT multi-building scenario. There is 

a MMPEC (that follows the schematic shown in Figure 1) inside each building. Note 

that that at least two communication-based control structures coexist in this 

topology: the central building controller and the DHEMS controller. Information 

about system integration and communications can be found in Section 8. 

 

FIGURE 93: GENERAL CONTROL STRUCTURE 

The building central controller is in charge of sending power references to all the 

participants of the MMPEC. In this regard, it is necessary to have information about 

the island or grid-connected status of the interlinking converter to the utility grid 

(AC): 

 If the interlinking converter is in grid connected mode, the central controller 
will send power references to the iBATT and the interlinking converter in 
order to keep constant the DC bus voltage. The PV iBATT will work in MPPT 
mode, injecting the maximum available power from the photovoltaics. A 
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higher level control layer will be responsible for choosing whether to charge 
the battery system through the iBATT or to inject the energy into the AC 
grid through the interlinking converter. 

 If the interlinking converter is in island mode, the central controller will 
send power references to the PV and storage iBATT to keep constant the DC 
link voltage. Depending on the load demand (homes in AC), storage SOC 
and/or availability of PV power, it will be required to work outside the MPPT 
curve or charge or discharge the storage system. 

It is finally noted that the interlinking converter works as a VSG. In this regard, PQ 

and SV modes can be implemented. In TALENT, the PQ mode will be used since 

active and (P) reactive (Q) power references are received from the building central 

controller. The communications diagram of the sub-DHEMs system is shown in 

Figure 94, where the communication protocols at multi-home and multi-building 

levels are presented. 

 

FIGURE 94: CONTROL STRUCTURE INCLUDING COMMUNICATIONS 
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7.3. IBATT CONTROL SYSTEM DESIGN 

The iBatt architecture was fully defined in D.1.1. It was developed that each iBatt 

converter controls the current of its corresponding module, independently from the 

rest of modules. This fact allows for a higher level control to manage power sharing 

between modules at every time instant. In other words, it provides active 

balancing at the module level. 

The iBatt control is divided in two modes: start-up and regular operation. Start-up 

drives both stages during the buses precharging, with the main objective of 

achieving a reduced inrush current to avoid transformer saturation. Regular 

operation requires to keep the voltages at both DC-links within safe limits near the 

rated values, rejecting load disturbances and controlling the battery charge and 

discharge current. 

During the start-up procedure, the VpDC (intermediate DC-link) is first charged to 

115 V by operating the ISR stage. The AC voltages at both sides of the transformer 

are gradually increased by adding a slow ramp that simultaneously varies the 

primary, dLV, and secondary, dHV, duty ratios from 0 to 0.5. An integral controller is 

designed to modify the dHV ramp in order to keep AC voltages sides at the same 

level, despite the differences bus voltages, and therefore reducing the inrush 

current.  

 

FIGURE 95: TPDAB START-UP CONTROL SYSTEM 

During the regular operation, the converter is used for the control of the battery 

power. The proposed control compromises a phase-shift control loop for the TPDAB 

and a cascade control loop for the ISR. The TPDAB phase-shift control demands the 

needed power for controlling the output DC-link VsDC, using (7.1) for the non-linear 

phase-to-power compensation. 

(7.1) 
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The control system for the ISR and the TPDAB was described in Section 5.1.2 of 

Deliverable 1.1 (Figure 7). The control for the ISR is divided into two cascade loops: 

A current control loop and a voltage control loop. A single PI controller is used for 

the Current Control. The design has been performed so the close-loop system has a 

bandwidth of 1.5 kHz with a damping factor equal to one. The voltage regulator 

has been designed using the Quadratic Voltage Control (QVC) proposed in [54]. 

Following the same procedure than for the current controller, the ISR voltage 

control loop has a bandwidth of 150 Hz. 

The TPDAB control has a single loop for controlling the voltage. Equivalent to the 

ISR voltage loop, a QVC control is used here. Controller tuning is identical to the 

procedure shown before for the ISR voltage control, a bandwidth of 150 Hz being 

used in this case. 

7.4. VIRTUAL SYNCHRONOUS GENERATOR APPROACH 

For the control of the MMPEC, TALENT project proposes to use the VSG approach. 

This control method allows for a seamless integration of the power converter into 

the grid, contributing to the overall system inertia and allowing for a better 

scalability of the system. In that direction, the proposed control architecture will 

allow for the coordinated control among variable-size variable-number of MMPEC 

power converters which are commanded from a DHEMS. This approach will allow 

the system operator to easily increase the number of distributed resources without 

compromising the system stability.  

In this section, firstly the VSG concept is described. Following, the application to 

the MMPEC in the TALENT project is explained and the methodology for its 

implementation is included. Finally, simulation results done for the MMPEC 

converter in the TALENT multi-home scenario are included. 

 VSG STATE-OF-THE-ART 7.4.1.

The integration of the DG’s in a distribution network to a conventional network has 

many challenges in the electrical power stability of the system, voltage regulation 

and frequency stability, balancing the demand and supply, and transients during 

connecting and disconnecting of the generations from the grid. The decentralized 

group of loads and DG’s which operate in connection to a synchronous source is 

called microgrid (MG). The connection of the DG’s, ESS and loads is done through 

power electronic devices like converter and inverter. Based on the connection to 

the grid, MG are classified as AC, DC and hybrid AC/DC MG’s. In AC MG, the DG’s 

are connected to the grid directly through a transformer or DC/AC or AC/AC power 

electronic converters. Finally, DC MG’s are connected to the grid through AC/DC or 

DC/DC power electronic converters. Hybrid AC/DC MG composes the behaviour of 

both AC and DC MG’s. Even though most of the MG’s in use at this time are AC, the 

move towards the DC generations like PV, DC loads, and the idea of taking 
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advantage of the maturity of AC and DC MG’s tends to have hybrid AC/DC MG’s. 

Having DC photovoltaic sources and energy storage batteries, it is efficient to 

supply the DC loads from the DC source through a DC-DC converter and the AC 

loads with the grid side DC-AC inverter. In the TALENT project, according to the 

diagram shown in Figure 1, a hybrid architecture could be considered in which the 

building side sources and loads are connected to the grid through DC-AC inverters. 

According to Figure 1, the building interlinking converter has to contribute to the 

system stability, both in terms of voltage and frequency support. The proposed VSG 

concept will allow for an improved dynamic support, integration of PV and energy 

storage and seamless integration with the system operator control system. 

The distributed generators and renewable energy sources (RES) used in MG have no 

rotating mass (inertia) and damping property. Connecting these DG’s and RES which 

have no rotating mass (inertia) and damping property with very large synchronous 

generators of main grid power plant affects the power dynamics, frequency 

stability and voltage regulation of the grid. As a solution to this, a virtual inertia 

can be provided using an energy storage and a power inverter with a proper control 

mechanism that emulates the dynamics of synchronous generator. This mechanism 

which provides virtual inertia to improve the dynamics of the power system is 

called virtual synchronous generator control mechanism. VSG mainly consist of 

energy storage, inverter and control mechanism [29]. 

In TALENT, a VSG control is designed to emulate all the dynamics of the 

synchronous generator like the swing equation, which have a great impact on 

maintaining the frequency stability of the power system by providing the required 

inertia. The model of VSG control includes the virtual impedance of the generator, 

automatic voltage regulator (AVR), governor model and the current control of the 

inverter. 

Distributed power systems consists of generating machines from the grid that have 

a rotating rotor which has an inertia, that affects the rise and fall of the rotor 

frequency, voltage regulation and dynamics of the power system [30]. In the other 

side these distributed networks also include the RES which doesn’t have a rotating 

mass and damping behavior which results in low inertia affects the dynamic 

stability, frequency and voltage regulation of the distributed network. This makes 

reduced overall inertia and damping of the power system resulting in frequency 

fluctuation and dynamic instability. This leads researchers to propose the idea of 

VSG, to add a virtual inertia improving the dynamic response of the distributed 

network. The VSG emulates the working operation of synchronous generator to 

improve the inertia and damping of the power system. From [31] revised topologies 

of VSG and [32] the general block diagram for the droop and VSG based control of 

interfacing inverters is shown in Figure 96 from [29]. Hassan Bevrani [29] and [33] 

makes the comparison of droop control and VSG control with simulation and 

experimental tests looking onto the frequency stability, power transients and 
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delay. This research show that the frequency deviation can slower in VSG control 

than that of droop control, and the frequency variation depends on the inertia 

constant and time delay of the control. 

Many researches have been carried out using different topologies of VSG control. 

[34] proposed the algebraic type model of VSG control in which it consists, the 

current control loop, simple droop based governor and AVR models, a phase lock 

loop (PLL) for synchronization, and a virtual impedance model of synchronous 

generator. Except the virtual impedance model, this works similar way with the 

droop control and is doesn’t make high improvement in the frequency regulation 

and power transients. [35],[36],[37] worked with a VSG control that includes the 

swing equation of synchronous generator. They have made the power transient and 

stability analysis for different DG sizes and varying the values of the inertia 

constant and damping constant using the eigen values and root locus of the small 

signal modelling. 

An enhanced model of VSG proposed in [38] emulates the operation of synchronous 

generator including the governor model, AVR, and the damper mode. It also 

proposes a method to reduce the power transient which is bus voltage estimation 

which acts as a voltage magnitude synchronizer, it uses the line impedance’s to 

adjust the voltage of the VSG to the voltage of PCC [38]. This VSG topology have 

improved power transients and frequency and voltage regulations. In practical, in 

which we don’t exactly know the impedance of the interconnecting lines, the bus 

voltage estimator may not adjust the voltage to the grid connecting point. In the 

above stated research studies the power transients and frequency variation during 

the disconnection and re-connection of the generations is not studied. 

TALENT proposes a VSG control that emulates the working of a synchronous 

generator and the droop control for islanded and grid connected mode with an 

improved pre-synchronization method to improve the transients during connecting, 

disconnecting and reconnecting of the DG’s from the grid. It also investigates the 

stability of the system with the variation of the control variables like the inertia 

constant, damping constant, frequency and voltage droop coefficients by making 

state space modelling of the control system. 
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FIGURE 96: GENERAL CONVERTER CONTROL BLOCK DIAGRAM (A) DROOP CONTROL (B) VSG 

CONTROL [31] 

 VIRTUAL SYNCHRONOUS GENERATOR OPERATION AND CONTROL 7.4.2.

DESIGN 

For proper power sharing and dynamic stability of the proposed in-building AC/DC 

hybrid MG, the control of the interlinking inverter plays a vital role. This section 

shows the proposed control strategy for the TALENT interlinking converter, that is 

based on the VSG control. 

Figure 97 shows the general VSG block diagram. The VSG is current controlled 

based: it includes the impedance model, AVR model, governor model, damper 

model and rotor model. Based on the mathematical modelling of a synchronous 

generator, stability analysis and power system standards, control variables are 

determined. The VSG is designed to operate in islanded and grid connected modes 

with a synchronization method for black-start operation and islanded to grid 

connected transition.  

The VSG inner control is a closed-loop current control. In this regard, the control is 

implemented in a synchronous reference frame by using PI controllers. The rotation 

angle comes here from the combination between the grid angle and the emulated 

rotor angle. To start with the synchronous generator emulation, the main part that 

provides the inertia to the system to stabilize the frequency is the swing equation 

that shows the relationship between power, frequency and inertia [18]. 

Theoretically the higher the value of the inertia, the improved frequency 

regulation and system stability. The inertia is dependent on the size of the 

generator, the virtual inertia of the TALENT VSG is chosen after looking data sheet 

of synchronous generators with a capacity range of 50-100 kVA and performing a 

stability analysis.  
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The governor model represents the ω-P droop controller, and the Q-droop is V-Q 

droop controller. The governor and AVR models are designed using the droop 

control characteristic shown in Figure 98. The droop characteristics are included in 

the VSG control to have an appropriate power sharing between the distributed 

generators based on the droop coefficients. The mechanical governor delay of the 

VSG is emulated in the governor and AVR models as a low pass filter with a 

specified time delay. At the same time, a PI controller is included in the governor 

model to regulate the system frequency.  

Its finally noted that the turbine model is also emulated as a first order transfer 

function with a turbine time constant which is determined from the selected 

inertia and damping factor [18]. 

 

 

 



 

 

 

 

 

111 

 

F
IG

U
R

E
 9

7
: 

P
R

O
P
O

S
E
D

 V
S
G

 M
O

D
E
L
 



 

 

 

 

 

112 

   

 

 

 

FIGURE 98: DROOP CHARACTERISTICS (A) F-P DROOP (B) V-Q DROOP 

The current control of the interlinking converter takes current references from the 

impedance model (Figure 97). It emulates the impedance characteristics of the 

synchronous generator. As shown in Figure 99, the impedance model considers 

impedance of synchronous generator without transient, as the transient and sub-

transient components doesn't allow the controller to respond very fast. The 

transient impedance of a synchronous generator can be safely used if the inverter 

is operating in parallel with a synchronous generator to have proper power sharing. 

A cylindrical rotor synchronous generator in the range of 50-100 kVA data sheet is 

considered to determine the values of the impedance and resistance. 

The impedance model (equation 7.2, Figure 97 and Figure 99) is also implemented 

in synchronous reference frame. The grid voltage is considered to be in parallel 

with the d axis in steady state as shown in the phasor diagram of Figure 99. As 

shown in Figure 100, the reference current is determined using a transfer function 

of the impedance model, where r and l are respectively the virtual resistance and 

inductance of the VSG. 

(7.2)  
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FIGURE 99: VIRTUAL IMPEDANCE MODEL AND PHASOR DIAGRAM 

 

 

FIGURE 100: VIRTUAL IMPEDANCE CALCULATION BLOCK 
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 SIMULATION DESIGN 7.4.3.

7.4.3.1 ISLANDED OPERATION 

In order to test the performance of the interlinking converter under islanded 

conditions, a simulation test has been performed by following the scheme shown in 

Figure 101. This test aims to emulate the islanded situation between the 

considered building and the transformation centre. Since active and passive 

buildings may exist, a load is used to emulate them.  The designed DG has an LC 

filter to remove the higher order harmonics, and a connecting line impedance as 

shown in Figure 101. The values for filter and line parameters are selected based 

on the size of the proposed MG. The simulation system parameters used for this 

simulation are listed in Table 35. Note that the system evaluation is done in PLECS 

using a RTBOX for real-time hardware-in-the-loop emulation. 

TABLE 35: VSG PARAMETERS 

 

 

To see the behaviour of the inverter control system for different load power 

characteristics in the distributed network, a dynamic four quadrant balance load 

system is designed and simulated. The time sequence for the load variation is listed 

in Table 36. 

 

FIGURE 101: CONFIGURATION FOR THE ISLANDED SIMULATION 
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TABLE 36: ISLANDED OPERATION SIMULATION LOAD POWER SEQUENCE 

 

7.4.3.2 GRID CONNECTED OPERATION 

The TALENT control system is designed to operate both in islanded and grid 

connected modes. When operating in grid connected mode, it can supply power 

based on the set reference power to maintain the building DC voltage constant. 

When it moves from grid connected to islanded mode, it starts operating based on 

the droop characteristics to supply the required power commands. A 

synchronization system is designed to operate the system in transition from 

islanded to grid connected.  

For the grid connected mode, two systems are developed. The first one is for AC 

MG, with a DC voltage source connected to the inverter and the load connected to 

the AC side of the system. The second one is for DC MG, where a PV and ESS are 

considered, and the load is connected to the DC side with another DC/AC inverter. 

For the DC MG other four additional controls are designed for controlling the power 

from the PV and battery, controlling the voltage of load DC/AC inverter and 

controlling the DC link voltage using the power flow to the grid. 

The VSG control parameters used for the grid connected simulation are the same as 

the islanded test, except the additional parameters of the synchronization block. 

The switching of the grid connecting switch is done by a synchronization logic from 

the synchronization model, that checks if the voltage and frequency of the DG are 

synchronized with the grid and is ready to connect with the grid. 

 

FIGURE 102: CONFIGURATION FOR THE GRID-TIED SIMULATION 
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To continuously run the DG system from islanded to grid connected and 

synchronizing the frequency, phase angle, and voltage to have minimized 

transients, a pre-synchronization method is developed and simulated. This 

synchronization works for moving from islanded to grid connected and to connect a 

DG to the utility network. 

The phase synchronization works by accelerating or decelerating the speed of the 

VSG until it gets close to the phase angle of the grid. Similarly the voltage is 

synchronized by increasing or decreasing the AVR voltage to the grid voltage at the 

point of common coupling (PCC). This works by taking the three phase voltage 

measurement before and after the connecting switch. From the three phase 

voltages the magnitude and angle mismatches are calculated. They are fed to a PI 

controller to make them zero, synchronizing the VSG both in magnitude and phase. 

To avoid the use of unwrap for the angle difference, a polarity detector and a PI 

controller is designed that makes the angle variation continuous. 

Minimizing the vector difference between the grid and VSG voltages minimizes both 

the angle and the magnitude. This helps to know the synchronization of the DG 

with the grid. Based on this voltage, a synchronization logic is developed as shown 

in Figure 103 to switch ON the connection to the grid when the system gets 

synchronized. The switching of the grid connecting switch is done automatically 

when the system gets synchronized. A zero crossing detector of the grid voltage is 

used so that the DG connects to the grid on the next zero crossing. An AND gate is 

used to fulfil both the maximum voltage and the zero crossing criteria for the 

connection. 

 

FIGURE 103: PRE-SYNCHRONIZATION SIMULATION MODEL 
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7.4.3.3 ISLANDED PARALLEL OPERATION 

Two VSG controlled interlinking converters are simulated in this section to test the 

performance of the VSG control under islanded conditions where more than one 

active buildings are operating in parallel (passive buildings are also considered). 

The interlinking converters have an LC filter, and are connected through a line 

impedance and a switch that connects the DG’s to the distributed network to a 

common load in the AC bus. The designed VSG control have same parameters with 

the islanded system defined in Table 35 except having different droop coefficients 

to see their power sharing behaviour. A pre-synchronization method that is 

presented in Section  is used to synchronize the VSG´s, excluding the switch S3 as 

they have to share the active and the reactive power and the switch S1 in Figure 

103 is used to set the output reactive power to the reference value. The simulation 

circuit is shown in Figure 104. The interlinking converters share the load depending 

on their voltage and frequency droop coefficients. The working sequence is the 

following: the first interlinking converter is connected to the load, then the second 

interlinking converter is synchronized to the point of common coupling and it is 

connected in parallel to share the load power between them. 

 

 

FIGURE 104: CONFIGURATION FOR THE PARALLEL ISLANDED SIMULATION 
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7.4.3.4  GRID-TIED PARALLEL OPERATION 

A grid-connected two-parallel interlinking converter simulation is designed based 

on the operation of grid connected and islanded parallel design. The two VSG 

controlled inverters are connected to the grid, and a common load through a 

distribution line impedance and connecting switches. For this particular simulation 

model, a synchronization block is implemented in both VSGs. The connecting 

switches of each VSG are controlled with two synchronization logic blocks 

controlling each of them. the load is initially supplied by the grid, and then the two 

DG’s are connected to the grid at different time. Synchronization is used to 

connect the DG’s to the grid and for reconnecting the distributed network to the 

grid after disconnection of the grid for some time. In this design the inverters are 

expected to support the grid with a specified active and reactive power, no matter 

how the load changes when they are operating in grid connected mode. The switch 

S3 in the synchronization model (Figure 97) makes the reactive power supplied to 

follow the reference. The two VSGs work in a power sharing mode when the grid is 

disconnected from the system to supply all the demanded load. 

The simulation circuit model of the two interlinking converters in grid connected 

mode is shown in Figure 105. The control parameters for the two inverters are 

same for both as listed in Table 35. The power references for each inverter and 

synchronization PI controller gains are in given Table 37. 

 

FIGURE 105: CONFIGURATION FOR THE PARALLEL GRID-TIED SIMULATION 
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TABLE 37: PARALLEL GRID CONNECTED CONTROL PARAMETERS 

 

7.4.3.5 MULTI-HOME SCENARIO 

For the multi-home scenario, the MMPEC converter is tested using the proposed 

VSG control approach. The configuration is shown in Figure 106. The system 

contains two DC/DC iBatt converters for the battery and PV system connection to 

the DC bus. A DC/DC control is designed to control the power from the PV and 

battery storage to the system using a current controller. A voltage-controlled 

DC/AC inverter is designed to connect the loads (homes) to the DC bus. In this 

particular simulation the battery is used to regulate the DC bus voltage in islanded 

operation, and for grid connected operation the interlinking converter is used to 

regulate the DC bus voltage. The interlinking converter is controlled with the VSG 

control scheme, using the control parameters from Table 35.  

 

 

FIGURE 106: CONFIGURATION FOR THE MMPEC GRID-TIED SIMULATION 
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 SIMULATION RESULTS 7.4.4.

7.4.4.1 ISLANDED MODE 

The VSG controlled islanded system is simulated to verify the effective working of 

the proposed system. A wye connected RL load and the designed dynamic load are 

used. The system parameters used for this simulation are listed in Table 35. And 

the load sequences used for the simulation are listed in Table 38, where Sbase is 100 

kVA. In this simulation the reference active and reactive powers are set to zero. 

The reference frequency and voltage are set to the nominal value. 

TABLE 38: SIMULATION LOAD VALUES 

 

 

 

FIGURE 107: ISLANDED SYSTEM SIMULATION RESULTS (A) ACTIVE POWER AND FREQUENCY 

(B) REACTIVE POWER AND EMF OF VSG 
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As shown in Figure 107, when the building operates in islanded mode from the grid 

the DG is supplying the load and the line losses. The frequency decreases when the 

load increase and increase when the load decreases. The frequency goes less than 

50 Hz when the load is positive and greater than the nominal frequency 50 Hz when 

the load is negative. The system follows the governor droop characteristics shown 

in Figure 98. It is also illustrated that the system doesn't have oscillations and 

overshoots in the frequency and active power. This shows the inertia and 

mechanical damping of the VSG control are helping in frequency stability of the 

system. Moreover, the reactive power is also supplied to the load with eliminated 

oscillations and overshoots. And the reactive power response is independent of the 

active power change. The VSG voltage (E in Figure 97) responds according the 

voltage droop characteristics of Figure 98. 

Two interlinking converters connected in parallel are simulated to verify the power 

sharing operation. The load is initially supplied using VSG 2 and the connection of 

VSG 1 is done after 1 second. The two VSG controllers have the same control 

parameters except the active and reactive power references. The control and 

system parameters of the two VSG controllers are from Table 35. And a 

synchronization is used to connect DG 1 to the network. This is done to show 

sharing response of the two VSG's depending on the droop characteristic, to 

maintain the system frequency and voltage. The connection and reference powers 

are listed in Table 39. It is simulated for 20 seconds. For this simulation a four-

quadrant sequence of load variation is used, the sequence is listed in Table 40.  

TABLE 39: PARALLEL OPERATION POWER REFERENCES 

 

TABLE 40: LOAD SEQUENCE FOR ISLANDED PARALLEL OPERATION 
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As it can be seen in Figure 108, the DG 2 supplies the load before the connection of 

DG 2 to the system. After 2 seconds, the two DG start working in parallel. As the 

droop coefficients and reference active and reactive powers of the two VSG 

controls is the same, both of them share the load power and line losses equally. 

This is verified even with the increase and decrease of the load with the sequence 

of load listed in Table 40. At 10 second the reactive power reference of DG 1 is set 

to 20 kVA, so DG 1 starts to share high power to maintain the system voltage. This 

is done with the increase in the DG of VSG 1. This is also tested with a load 

variation, and as shown in Figure 108 the two VSG's are sharing the reactive power 

proportionally to their set reference reactive power. 

 

FIGURE 108: PARALLEL POWER SHARING SYSTEM SIMULATION RESULTS, ACTIVE POWER AND 

FREQUENCY, AND REACTIVE POWER AND EMF OF VSG'S 
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7.4.4.2 GRID-TIED 

A grid connected operation is simulated in this section. The simulation of one 

interlinking converter, connected to grid, is done using the simulation circuit 

shown in Figure 102. The connection to the grid is commanded to start at 1 s. The 

pre-synchronization starts at 1 s and continues to work until the DG gets 

synchronized with the grid. The pre-synchronization switching simulation result is 

shown in Figure 109. When the interlinking converter frequency and voltage are 

synchronized to the grid, it waits for the next zero crossing of the grid voltage and 

turns ON the connection command.  
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FIGURE 109: SYNCHRONIZATION RESULTS (A)PRE-SYNCHRONIZATION MODEL SWITCHING 

OUTPUTS (B) VOLTAGE AND FREQUENCY RESULTS 

As it is shown in Figure 110, with the help of the pre-synchronization the DG is able 

to connect to the grid with a negligible transient. And it is shown that the DG 

follows the reference set active power while working in grid connected mode and 

the governor delay result on the active power is also seen in the transition of the 
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DG power from zero to 50 kW. The variation in the load doesn't have any effect on 

the interlinking converter since it continues supporting the grid with the specified 

active reference power. 

It is also verified that the frequency follows the grid frequency without any 

deviation starting from the connection of the interlinking converter to the grid. 

The overshoots shown in frequency of Figure 109 are from the pre-synchronization 

PI gains, and this is before the connection to the grid. This doesn't have any effect 

on the distributed network as it is happening before the connection to the grid. 

The reactive power simulation result is also shown in Figure 110. As it seen grid 

connection doesn't have any effect on the transient of the reactive power. The 

interlinking converter is following the reference reactive power. Unlike the active 

power the reactive power doesn't have delay to follow the reference, as the 

governor delay only works for the active power and frequency response. The load 

variation doesn't have an effect on the reactive power of the interlinking 

converter, it continues to support the grid with the specified reactive power 

reference. 

As shown in Figure 110, the interlinking converter supports the grid with specified 

power and the grid either injects or absorbs power depending on the load power. If 

the power provided by interlinking converter is greater than the load demand, 

power is supplied to the grid otherwise power will be supplied from the grid to the 

load. in this operation the grid is responsible for line losses. 

 

FIGURE 110: ACTIVE AND REACTIVE POWER RESULTS OF ONE DG GRID CONNECTED 

SIMULATION 
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A second simulation is run with two interlinking converters connected to the grid. 

The two interlinking converters are synchronized to the grid at different times. The 

connection on the two interlinking converters to the grid is done with the pre-

synchronization automatic switching shown in Figure 111. The pre-synchronization 

starts at 1 s for DG 1 and at 4 s for DG 2, and then they connect to the grid after 

they got synchronized. Some frequency deviations are found before the connection 

to the grid and they are due to the synchronization process (Figure 103). It must be 

noted that this issue does not have any effect in the whole system since the 

frequency deviations occur while each VSG is disconnected. 

 

FIGURE 111: TWO DG'S CONNECTION LOGIC AND FREQUENCY RESULTS 

The connection of the two interlinking converters to the grid does not have any 

unwanted effect in the frequency and power. The two DGs are supporting the grid 

with the specified active power reference. The change in the load have almost 

negligible transient on their power response. They continue to follow the set 
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reference active power, no matter how the load is varied. The load variation makes 

only make a change in the power supplied or received by the grid. When the sum of 

the power of the two interlinking converters is greater than the load demand is 

send to the grid and if it is less than the load demand power comes from the grid. 

The reactive power of the two interlinking converters follows the reference values 

as shown in Figure 112, and the load variation doesn't affect the reactive power 

send from the two interlinking converters. Similar to the one interlinking converter 

connected to grid the simulation results of active and reactive power of the DG 

shows the working of the governor delay on the active power waveform. 

The simulation results show the use of VSG controlled interlinking converter in 

stabilizing the frequency, and remove oscillations maintaining the system stability. 

 

FIGURE 112: GRID CONNECTED PARALLEL DG'S SIMULATION RESULTS (A) ACTIVE POWER 

RESULTS (B) REACTIVE POWER RESULTS 

To confirm the performance of the proposed VSG control and pre-synchronization 

method, a grid connected with one DG and with parallel connection of two DG with 

grid are simulated using the proposed pre-synchronization. The simulation is done 

first by connecting the both interlinking converters to the grid, and then 

disconnecting the grid from the distributed network and reconnecting back the grid 

to the distributed network. 

Figure 113 shows the frequency response of DG 1 for the transition from islanded to 

grid connected and vice versa. It is shown that the DG works in governor droop 

based in the islanded part. And the system has eliminated transients and 

oscillations in frequency. 
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FIGURE 113: TRANSIENT FREQUENCY RESPONSE (DG 1 CONNECTION AT 1 S, DG 2 

CONNECTION AT 4 S, GRID DISCONNECTION AT 11 S AND RE-CONNECTION AT 17 S) 

For the two DG's operating in parallel with the grid, the load is initially supplied by 

the grid. Then the two DG's are commanded to connect with the grid at 1 s and 4 s. 

The synchronizations start at the time command, after 0.6 s seconds from the 

command time the two DG's get synchronized and connected to the grid. As shown 

in  Figure 114, after they work in a grid tied mode until 11 s, the grid disconnected 

from the distributed network and reconnected back at 17 s. The two DG's supply a 

specified power to the grid when they are operating in grid connected mode and 

starts to share the power when the grid is disconnected. As it can be seen the 

connection of the DG's to the grid have no transients while the disconnection from 

the grid provokes a very small transient in the DG's power. But it is almost 

negligible and doesn't affect the system as the two DG's are in islanded mode and 

the frequency is within the limit. The re connection of the grid to the distributed 

network is command at 17 s. At 17 s the pre-synchronization starts working and the 

re connection is done around 19 s, when the distributed network gets synchronized 

with the grid. As it can be seen the re-connecting of the grid to the distributed 

network have no transient in the active power and have a very small transient in 

the reactive power. 



 

 

 

 

 

129 

 

FIGURE 114: TRANSIENT RESPONSE FOR GRID CONNECTED PARALLEL DG'S WITH 

CONNECTING AND DISCONNECTING THE GRID 

7.4.4.3 MULTI-HOME SCENARIO 

 A multi-home scenario shown in Figure 106 is simulated here with one 

MMPEC converter. The DC side load demand (emulating the accumulated home 

demand) and generation (from the PV and Battery iBATTs) are modified. This is 

done to increase and decrease the power supply from the DC side to show how the 

power can be exchanged between the interlinking converter and the grid. When 

the generation is greater than the load demand, the power is sent to the grid by 

keeping the DC bus voltage constant. Power is received from the grid when the 

power coming from the building generations and battery supply is lower than the 

load demand. 

As it is shown in Figure 115, the system is able to send and receive active power 

depending on the power supply from the DC side and load demand while keeping 

the DC bus voltage at 750 V. The power from the DC side is initially injected to the 

grid, and at 2 s a load of 70 kW is connected to the DC side of the building and the 

building starts receiving power from the grid as the generation of the building is 

not enough to supply the load. At 15 s the power supply from the battery is 

increased, the building starts injecting power to the grid. The reactive power send 

to the grid doesn't depend on the DC side load, it was commanded with a specified 

reference value 30 kVA at 8 s, showing that the system is able to keep the reactive 

power support to the grid. The power delivered to the grid is injected smoothly 

without any oscillations. And no synchronization is used for this simulation, as it 

can be seen it is able to maintain the system frequency and voltage without any 

synchronization.  



 

 

 

 

 

130 

 

FIGURE 115: POWER, FREQUENCY AND DC VOLTAGE SIMULATION RESULTS OF GRID 

CONNECTED ONE MULTI-HOME SCENARIO., QREF=30KVAR AT 8 S 

8. SYSTEM INTEGRATION AND COMMUNICATIONS 

The multi-home system integration with the distribution power system is 

represented in Figure 94. Several layers of system integration and communication-

based control are defined for the integration with the distribution system. First, at 

building level, a building controller coordinates the different participants of the 

MMPECs by means of industrial communications between the iBatts, iPECs and 

interlinking converter that compose the MMPEC. Second, the interlinking converters 

of different multi-home systems can be connected to a common transformation 

center, where a DHEMS controller is located. The DHEMS is able to communicate 

with each of the multi-home systems through the building controllers, being able to 

implement the control at neighborhood level (coordination between the different 

buildings connected to the transformation center). Finally, the transformation 

center that integrates one or several multi-home systems is connected to the 

distribution grid and the DHEMS is able to communicate with other transformation 

center DHEMS or with the distribution system operator DSO. 
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Both, the communications within the building (MMPEC-building controller) and 

between the buildings and the DHEMS will implement the same protocol. The 

communication protocols has been selected following the recommendations found 

in the IEEE Standard 1547-2018 [55], where 3 different non-proprietary protocols 

are allowed, defining the information that DERs has to exchange with the system 

operator. The non-proprietary protocols enable the integration of multi-vendor 

solutions, complying with the main target of costs reduction of the TALENT project. 

Among the 3 available protocols in IEEE 1547, the SunSpec MODBUS/TCP (MODBUS 

protocol and TCP transport layer) has been selected for this project given the 

extended support provided by the SunSpec team and its vast recognition by a 

variety of power converter manufacturers as well as system integrators. For the 

physical layer, Ethernet will be considered. According to their own definition in the 

SunSpec Alliance web, “SunSpec MODBUS is an open standard, referenced in IEEE 

1547-2018, that enables interoperability among DER system components.  

SunSpec offers an open access to the documentation of their DERs models 

specifications (including models of PV and energy storage systems) and is currently 

developing the full model specification that complies with the IEEE 1547 

requirements. Those models includes the structural organization of the variables 

and parameters defined in IEEE 1547, apart from other variables of interest 

supported by the Sunspec MODBUS protocol. The specifications contains the labels, 

groups, data types, permissions and MODBUS address of each variable. The models 

also establishes the necessary mechanisms for the management of the distributed 

resources (operation curves, reversion timers, trip and momentary cessation 

management...) The SunSpec alliance simplifies the implementation of the data 

structure by providing reference models in xlsx, xml and javascript object notation 

(JSON).  

8.1. DEVELOPMENT METHODOLOGY 

The SunSpec-based communication design process has been started with an initial 

implementation of the SunSpec MODBUS models using MATLAB. An Object-oriented 

paradigm, based on MATLAB coding, has been used to create the data structure and 

the management functions of each of the models defined by the SunSpec IEEE 

1547. For implementing the protocol, the MODBUS/TCP MATLAB toolbox has been 

used. The currently developed software will be tested by establishing 

communication with a SunSpec node in the installations of LEMUR group (Uniovi). 

After the testing stage, the implementation validated in MATLAB will be moved to 

C++ language to be executed in the building control platform and in the DHEMS 

platform. The last stage of the communication protocol development will consider 

the possibility of platform validation through the SunSpec product certification. 
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8.2. SUNSPEC MODEL EQUIVALENCE WITH THE IEEE 1547 SPECIFICATIONS 

SunSpec provides a set of models that define different clusters of variables and 

parameters necessary for interoperability of distributed resources, mainly conceive 

for solar generation and energy storage systems. Additionally, a series of models 

have been defined recently fully compliant with the IEEE 1547 (700 series, in TEST 

status at the moment, expected to be ratified in the upcoming months) that 

include all the mandatory exchange information specified in the section 10 of the 

standard. Although exchange of information can support the rest of models, those 

compliant with the IEEE 1547 will be assumed as mandatory for the integration of 

the multi-home system. The relations between the 700 series models and the IEEE 

1547 information categories are summarized in Table 41. 

 

 

TABLE 41: RELATIONS BETWEEN THE 700 SERIES MODELS AND THE IEEE 1547 INFORMATION 

CATEGORIES 

 

 

 

Model ID SunSpec label IEEE 1547 [55] 

701 DER AC Measurement Monitoring 

information 

Table 29 

702 DER Capacity Nameplate 

information 

 

Table 28 (nominal 

values and 

characteristics of the 

DER) 

Configuration 

information 

Configuration of 

Nameplate values in 

Table 28 different 

from nominal 

703 Enter Service Management 

information 

Table 39 (Enter 

service after trip) 
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704 DER AC Controls Management 

information 

Table 30 (Power 

factor mode) 

Table 33 (Constant 

reactive power mode) 

Table 40 (Limit 

maximum active 

power) 

705 DER Volt-Var Management 

information 

Table 31 (Voltage-

reactive power mode 

parameters) 

706 DER Volt-Watt Management 

information 

Table 34 (Voltage-

active power mode) 

707 DER Trip LV Management 

information 

Table 35 (Voltage trip 

parameters) 

Table 36 (Momentary 

cessation) 

708 DER Trip HV Management 

information 

Table 35 (Voltage trip 

parameters) 

Table 36 (Momentary 

cessation) 

709 DER Trip LF Management 

information 

Table 37 (Frequency 

trip parameters based 

on Table 18) 

710 DER Trip HF Management 

information 

Table 37 (Frequency 

trip parameters based 

on Table 18) 

711 DER Frequency Droop Management 

information 

Table 38 (Frequency 

droop parameters) 

712 DER Watt-Var Management 

information 

Table 32 (Active 

power-reactive power 

mode) 

713 DER DC Measurement Model independent of the IEEE 1547 for 

monitoring DC ports in DER instalations 

(photovoltaic, energy storage, electric 

vehicle...) 
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8.3. MODES OF OPERATION SUPPORTED BY THE IEEE 1547 

The IEEE 1547 standard allows different modes of operation depending on its 

contribution to the voltage and frequency regulation in the distribution grid. IEEE 

1547 section 5 refers to the reactive power capability and voltage/power control 

requirements while chapter 6, section 6.5.2.7 contains the specifications for the 

Frequency-active power droop control. Considering that specifications, the 

standard supports the following modes of operation: 1) Voltage-Reactive droop 

control, 2) Voltage-Active power droop control, 3) Frequency-Active power droop 

control, 4) Active power - Reactive power (control reactive power as a function of 

active power), 5) Constant power factor, 6) Constant reactive power (PQ mode). 

8.4. SUNSPEC MODEL DEFINITION OF THE DER INFORMATION 

SunSpec defines in its models a data structure that can be easily integrated in an 

Object-Oriented paradigm. Figure 116 shows the recommended grouped data 

structure for a model and the recommended implementation of device instances of 

SunSpec IEEE 1547 MODBUS/TCP. 

 

FIGURE 116: RECOMMENDED IMPLEMENTATION OF A DEVICE INSTANCE AND SUNSPEC MODEL 

INFORMATION STRUCTURE 
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In those specifications, “Model” refers to a set of related variables and properties 

(model of the converter, energy storage properties and variables, PV installation 

data, trip and droop control curves...). Each “point” refers to a system property or 

variable (scalar or vector) and “point groups” are structures composed of different 

points. The object-oriented based implementation of the protocol in Matlab and in 

C++ follows this device instance structure. 

8.5. MANAGEMENT OF CURVES AND STATES IN THE SUNSPEC MODELS 

The IEEE 1547 supports different configurations for the volt-var, volt-watt, 

frequency droop, watt-var and also considers secure trip management. The 

document “SunSpec DER Information Model Specification” includes the 

recommended device state management procedure by defining three types of state 

machines [56]: 

 Curve management are applied to control functions that use linear curves to 

indicate the behavior associated with the function. Some information models 

have curve instances defined as data points.  

 Reversion timers, which are used to limit the time a function operates with a 

specific set of settings. 

 A trip/momentary cessation curve encoding for representing behavior during 

frequency and voltage disturbances. 

The functions for the management of this state machines are implemented as class 

methods in the object-oriented implementation of the protocol.  

8.6. IMPLEMENTATION OF SUNSPEC MODBUS/TCP MODELS 

MODBUS is a communication protocol originally published by Modicon in 1979 for its 

application to programmable logic controllers PLCs, and became widely adopted 

for industrial electronic applications since 1980’s [57], [58]. It supports 

communication between multiple devices connected to the same RS485 cable or 

Ethernet network. It is a non-propietary royalty-free and open protocol, and 

present an easy implementation, becoming in 2009 the selected base protocol for 

the SunSpec Alliance distributed resources (DER) interface. Most of the existing DER 

devices support MODBUS, and adding the SunSpec MODBUS to the basic MODBUS 

interface is straightforward, being the meaningful modifications related to the 

structure of the DER data in the application layer and the data MODBUS address. 

According to SunSpec Alliance, the SunSpec specifications not only allow the 

simplest way to comply with the IEEE 1547 requirements but also enable 

applications to be written using a single, standard view of the DERs, independent 

of manufacturers and models. 
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Among the available options (RTU, ASCII, UDP...) the MODBUS TCP/IP will be 

applied in the implementation of the SunSpec based communication in the multi-

home system, using the register port 502, being Ethernet the physical layer for 

interconnecting the different participants in the MMPEC, building controllers and 

DHEMS, allowing bandwidths up to 100Mb (1 Gb with Gigabit Ethernet). 

The general guidelines for the implementation of MODBUS TCP/IP over Ethernet are 

described in the “MODBUS Messaging on TCP/IP Implementation Guide V1.0b” 

provided by the MODBUS Organization [60].  

The MODBUS TCP/IP implements a client/server model based on 4 types of 

messages, as shown in Figure 117: 

 MODBUS Request: message sent on the network by the client to initiate a 

transaction. 

 MODBUS Indication: request message received by the server. 

 MODBUS Response: response message sent by the server. 

 MODBUS Confirmation: response message received on the client side. 

It allows real time information exchange between 2 device applications, a device 

application and other device, between a SCADA application and devices and 

between a PC and a device program providing online services. 

 

 

FIGURE 117: MODBUS SERVER/CLIENT SERVICE 

Regarding the structure of the frames, the MODBUS protocol defines a Protocol 

Data Unit (PDU), independent of the underlying communication layers, included 

within an Application Data Unit (ADU) that represent a MODBUS frame. In the case 

of MODBUS TCP/IP, the ADU is composed by 3 main blocks: the MODBUS Application 

Protocol header (MBAP), the Function code and the Data. The last two form the 

PDU. The MODBUS TCP/IP frame is represented in Figure 118.  

The MBAP header fields are described in the Table 42. All the fields are encoded in 

Big-endian. The MODBUS function code is 1 byte length while the data field length 

depends on data transmitted and is specified by the length identifier (length-Unit 
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identifier-function code). The available function codes are described in the 

document “MODBUS Application Protocol Specification” [59]. The function code 

will make use of the MODBUS address table determined by the SunSpec protocol, 

while the accessible data interchanged in the data field is also determined by the 

SunSpec models. 

 

FIGURE 118: MODBUS TCP/IP FRAME [60] 

TABLE 42: MODBUS APPLICATION PROTOCOL HEADER FIELDS [60] 

 

Field Length Description Client Server 

Transaction 

Identifier 

2 Bytes Identification of 

a MODBUS 

Request / 

Response 

transaction. 

Initialized by the 

client 

Recopied by the 

server from the 

received request. 

Protocol 

Identifier 

2 Bytes MODBUS 

protocol = 0  

Initialized by the 

client 

Recopied by the 

server from the 

received request 

Length 2 Bytes Number of 

following bytes, 

including unit 

identifier and 

the data fields 

(PDU) 

Initialized by the 

client (request) 

Initialized by the 

server (Response) 

Unit 

Identifier 

1 Byte Identification of 

a remote slave 

connected on a 

serial line or on 

other buses. 

Initialized by the 

client 

Recopied by the 

server from the 

received request 
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9. CONCLUSIONS 

This deliverable has validated the design of a multi-port power converter 

architecture for the multi-home scenario in the TALENT project. Several 

contributions considered as the main conclusions are here listed: 

 The proposed iBatt concept allows for a systematic integration of 48 V 

batteries and PV into 400 V buses, while keeping the costs well below of the 

alternative market options based on the passive connection of modules to 

reach the 400 V level. 

 Alternatives in the iBatt design are done considering the implementation both 

using Si-MOSFET and GaN-HEMTS. The second, allows for a tight system 

integration into the battery module, while keeping the costs reduction 

objective. This is the preferred option for the final implementation. An analysis 

of the iBatt costs, both for one single unit and for the multi-home application 

has been carried out. The results show an average of 25% in cost reduction for 

the multi-home case compared to existing markets solutions when both the 

system costs and the beneficts due to the active connection between units is 

considered. For a single unit, the iBatt has been compared with respect to four 

commercial alternatives. A cost reduction between the 30 and 39% is achieved. 

 A proposed design for the MMPEC, including a novel scalability concept using 

the iPEC design integrated into a standard grabbed from the 

telecommunications industry has been proposed. This assures interoperability 

among multiple vendors that shall lead the cost reduction in this kind of 

systems. This concept is in the TALENT project first validated in the load-side 

DC/AC converters, even if the idea can be extended to the different MMPEC 

conversion stages. 

 A novel concept considering the interlinking converter control using the Virtual 

Synchronous Generator idea is proposed. This concept allows for a seamless 

integration of the energy storage and PV generation into the distribution 

network, thus reducing the costs regarding the system operation. 

 The IEEE 1547 standard is promoted for the system integration. IEEE 1547 

messages are exchanged over CANOpen and/or MODBUS/TCP for the internal 

communications among the different conversion stages and externally with the 

system operator, respectively. This use shall again increase interoperability 

among different vendors and bring integration costs down. 
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