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Executive Summary 

This report provides a description of the first demonstrator (Demo 1) for the BestPaths project. The demonstrator 

replicates in a laboratory scale an offshore wind farm connected to a multi-terminal HVDC (MTDC) transmission system. 

The motivation behind the realization of such laboratory facility is focused on investigating the interactions of power 

converters in offshore wind farms with the HVDC converters in the MTDC systems and on identifying potential 

interoperability issues. Voltage source converter (VSC) technologies will be investigated and especially the modular 

multilevel converter (MMC) which is the present trend for offshore HVDC converters. Moreover, this demonstration seeks 

to find potential solutions to reduce the risks when interconnecting offshore wind farms with HVDC systems. The 

demonstrator will be hosted in the National Smart Grid Laboratory jointly operated by SINTEF Energy Research and NTNU 

in Trondheim Norway. This facility can provide a flexible and reconfigurable electrical layout for conducting experiments at 

low voltage levels (e.g. 400 V AC or 800 V DC). 

This report presents first an overview of the demonstrator configuration followed by more detailed specifications for its 

components including the converter prototypes, ac grid and ac grid emulator, wind farm emulator, as well as all power 

circuits, the control system, hardware and software. More specifically, the setup will include four converters (three 

different MMC configurations and a two-level VSC) connected together in a multi-terminal dc-grid configuration. There are 

presently two options for the implementation of the wind farm emulator. The preferred option will be based on a Power 

Hardware in the Loop (P-HIL) approach with a wind farm simulated in real time and a grid emulator acting as interface 

with the remaining power components. This option may lead to stability issues in the testing phase that could not be 

completely forecasted in the design phase. Thus, as a backup option, the wind farm can be emulated through a set motor-

generator with drives controlled in real time by a PC running LabView. Moreover, the report describes the main principles 

for the design process and the engineering of the system. This includes the process for scaling down an existing reference 

HVDC transmission system to a laboratory scale while attempting the characteristic dynamics or the architecture for the 

control and communication flow inside the converters. 

A core element of the demonstrator is represented by three MMC prototypes in the 50 kW power range. These converters 

have been designed entirely within the project and their physical realization and testing have been a main research 

activity within the demo. Thus, this is reflected also in the structure of the report that focuses extensively on these 

converters. 

The report is organized with first an overview of the demonstrator while the second section provides a brief description of 

the main components. The third section describes how the converters have been dimensioned and the following section 

provides a detailed description of the parts composing the MMC system including the internal boards, the communication 

scheme and the control interfaces. Finally, results from simulations and preliminary experimental tests are reported in the 

last sections. 
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List of Acronyms 

ADC: Analog Digital Converter 

CAN: Controller Area Network 

CCR: Circulating Current Regulator 

CMOS: Complementary Metal-Oxide-Semiconductor 

CRC: Cyclic Redundancy Check 

DC: Direct Current 

EEPROM:  Electrically Erasable Programmable Read-Only Memory 

FPGA: Field-Programmable Gate Array 

HIL: Hardware-In-the-Loop 

HSL: High-Speed Link 

HVDC: High Voltage Direct Current 

IGBT: Instulated Gate Bipolar Transistor 

IO: Input-Output 

LED: Light Emitting Diode 

LVDS: low-Voltage Differential Signaling 

MMC: Multi-Module Converter 

MOV: Metal Oxide Varistor 

MRAM: Magnetoresistive Random Access Memory 

MTDC: Multi-Terminal Direct Current 

NMT: Network Management 

OWIND: Offshore Wind Integration Demonstrator 

PDO: process Data Objects 

P-HIL: Power Hardware-In-the-Loop 

PWM: Pulse Width Modulation 

SCADA: Supervisory Control And Data Acquisition 

SDO: Service Data Objects 

THD: Total harmonic Distortion 

TTL: Transistor-Transistor Logic 

UART: Universal Asynchronous Receiver-Transmitter 

USB: Universal Serial Bus 

VSC: Voltage Source Converter 
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 Introduction 1

This report deals with the first demonstrator (Demo 1) for the BestPaths project that is a scaled-down setup including a 

wind emulator connected to a multi-terminal HVDC (MTDC) system. The motivation behind the realization of such 

laboratory facility is focused on investigating the interactions of power converters in offshore wind farms with the HVDC 

converters in the MTDC systems and on identifying potential interoperability issues. Voltage source converter (VSC) 

technologies will be investigated and especially the modular multilevel converter (MMC) which is the present trend for 

offshore HVDC converters. Moreover, this demonstration seeks to find potential solutions to reduce the risks when 

interconnecting offshore wind farms with HVDC systems. Once the testing laboratory facility is finished, the idea is to 

provide a scaled down facility where stakeholders can perform studies combining real time simulation and real time 

control strategies with physical power converters. 

This report presents all the specifications for the components of the demonstrator including the converter prototypes, ac 

grid and ac grid emulator, wind turbine emulator, as well as all power circuits, the control system, hardware and software. 

Moreover, the report describes the complete engineering that was needed for upgrading the laboratory jointly operated by 

NTNU and SINTEF hosting the demonstrator. A core activity of the demonstrator realization lies in the design and physical 

implementation of three MMC converter prototypes in the 50 kW power range emulating scaled version of the converter 

technologies of the main suppliers of HVDC equipment. These have been developed within the project and their 

specifications reported in this document. Only the general specifications will be provided for the two-level VSC since 

designed and assembled before the project.  

The report is organized with first an overview of the demonstrator while the second section provides a brief description of 

the main components. The third section describes how the converters have been dimensioned and the following section 

provides a detailed description of the parts composing the MMC system including the internal boards, the communication 

scheme and the control interfaces. Finally, results from simulations and preliminary experimental tests are reported in the 

next sections. 

 Overview 2

Figure 1 shows an overview of the demonstrator containing a wind farm emulator and four converters (three MMC and a 

two-level VSC) connected together in a multi-terminal dc-grid configuration. It should be mentioned that the scheme 

presented in Figure 1 can be reconfigured according to the specific needs of each test to be performed, e.g. the converters 

can be connected through the grid emulator or directly to the main supply, resembling a weak or strong grid, respectively. 

Since the older versions of offshore HVDC substations are currently using two-level converters with pulse width 

modulation, a scaled-down converter of this kind will also be included to analyze its behavior. 

There are presently two options for the implementation of the wind farm emulator. The preferred option will be based on a 

Power Hardware in the Loop (P-HIL) approach with a wind farm simulated in real time and a grid emulator acting as 

interface with the remaining power components. This option may lead to stability issues in the testing phase that could 

not be completely forecasted in the design phase. Thus, as a backup option, the wind farm can be emulated through a set 

motor-generator with drives controlled by a PC running LabView. The production profile of the wind farm is predefined and 

applied as a reference to the motor drive. This backup option would produce a less accurate representation but still be 

able to replicate the slowest dynamics.  

The ac grid will be simulated by means of a model running in an OPAL-RT real time digital simulation system and a grid 

emulator. The resulting setup offers flexibility both in terms of the control of the converters, like MMC balancing algorithm 

and droop controllers for the terminals, and in terms of the operating conditions, like power flow and connection or 

disconnection of a terminal. During the project execution, a set of scenarios will be defined in order to be tested and 

validated experimentally. The initial experiments will aim in establishing a satisfactory match between the simulation 

models and the experimental setups. Later experiments will target the investigation on the laboratory setup of 

interoperability issues. 
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The demonstrator will be hosted in the National Smart Grid Laboratory jointly operated by SINTEF Energy Research and 

NTNU. This facility can provide a flexible and reconfigurable electrical layout for conducting experiments at low voltage 

levels (e.g. 400 V AC or 800 V DC). The laboratory is well equipped for research related to smart grids and renewable 

generation and suitable for studying different grid configurations, hybrid ac/dc networks, offshore grids and grid 

connection issues regarding small hydro power plants and wind generation. More specifically, it supports research with 

focus on electrical machines, power electronics converters and converter control, as well as on protection and system 

control solutions. Briefly, the laboratory has the following features: 

 Over 250 m2 of laboratory space and possibility of running multiple experiments in parallel. 

 The main supply grid has a total power capacity of approximately 160 kVA with a supply voltage of 400 V. The 

maximum current corresponds to 225 A, which is approximately 4 kA short circuit current.  

 The main supply feeds five ac bus bars, which are equipped with contactors that allow various layout 

configurations. The bus bars can be directly supplied by the main grid or by means of impedances to emulate 

weak grids. The bus bars are installed in cabinets with current and voltage measurements on all the lines using 

open-loop LEM sensors. The cabinets have a real-time acquisition system, based on cRIO by National instrument, 

which allows connecting remote computers for remote control or display measurements. 

 Four dc buses at 700 V are present composing a ring structure. The bus bars are arranged in cabinets as well. 

Voltage measurements and current measurements are available for each bus bar using open-loop LEM sensors. 

The connection between the converters will consist of short cables.  

 The laboratory is equipped to perform real-time simulation of electrical systems and their controls. Two OPAL-RT 

units are available for parallel simulation. This enables the possibility of testing control algorithms or schemes 

with rapid prototyping techniques. More advanced features are the Hardware in the loop (HIL) and the Power 

Hardware in the loop (P-HIL) based on the OPAL-RT platform. 

Figure 1 Schematic of the demonstrator 
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 The grid emulator is a 200 kW switching converter with high bandwidth able to emulate a power system or a 

component as ac/dc sources and loads, electrical machines, electrochemical batteries. It consists of six digital 

amplifiers controlled by FPGA. Depending on the configuration, digital amplifiers can be configured into 22 

different operation modes.  

 Synchronous generator. 20 kW synchronous generator with a synchronization panel as in small hydro plants. 

 55 kW motor generator set with asynchronous machines and full converters. The generator is driven by an 

asynchronous motor, which is supplied by an ac/ac converter with diode rectifier. 

 Several 60 kW and 20 kW power converters (2 levels). 

 A network equivalent for distribution grids with configurable line impedance and resistance. 
 

Figure 2 shows an overview of the National Smart Grid Laboratory. 

 

 

 

  

Figure 2 View of the National Smart Grid Laboratory. 1) Grid emulator, 2) ac buses 3) dc buses, 4) OPAL RT units, 5) Induction motor generator 

set, and 6) Synchronous generator. 

Figure 3 Schematic of the National Smart Grid Laboratory. 1) Grid emulator, 2) ac buses 3) dc buses, 4) OPAL RT units, 5) Induction motor 

generator set, and 6) Synchronous generator. 



 

 
9 

April 2017 

Detailed specification of the demostrator 

April 2017 

Detailed specification of the demostrator 

 Specification of the demonstrator components 3

This chapter provides a more detailed description of the components of the demonstrator. 

3.1 Grid Emulator 

The grid emulator is a 200 kW Egston COMPISO switching converter with high bandwidth able to emulate a power system 

or a component as ac/dc sources and loads, electrical machines, electrochemical batteries. 

The device is composed by the following main components:  

1. A grid transformer. This input transformer is used for galvanic isolation and for adjusting the voltage in the 

cabinet system. 

2. Grid converter. An active front-end converter is used as a dc supply for the digital amplifiers. The converter 

provides a regulated dc voltage of 770 V dc. 

3. Dc-link. It refers to all components between the dc output of the active front end and the dc input of the digital 

amplifiers. This includes all NH-fuses, cables, and capacitors on the dc-link. 

4. Digital Amplifier. It is the centerpiece of the entire system. The digital amplifiers generate the desired output 

voltage. 

5. Output transformer. For 3-phase systems with higher line-line output voltages (480 V ac, 690 V ac, 1000 V ac) 

output transformers must be used. 

6. Hardware-in-the-loop (HIL) processor commanding the digital amplifiers. 

7. SCADA system. 

8. PLC. Cabinet control and safety of the device. 

Figure 4 shows the overview of the grid emulator. The input of the grid emulator is a 400 V ac active front end allowing 

for power flow in both directions. Figure 5 shows a view of the inside of the cabinet to illustrate the main component in 

the grid emulator. 
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Figure 4 System overview of the network emulator. Picture from EGSTON manuals 
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Figure 5 The main components of EGSTON described above. 1. A grid transformer 2. Grid converter 3. Digital amplifier 4.HIL processor 5. 

SCADA system 6. PLC. Picture from EGSTON manuals 

The grid emulator consists of 6 digital amplifiers controlled by an FPGA. Each output converters consists of six converters 

in parallel with shifted switching, resulting in a total switching frequency over 100 kHz. These could also operate as dc/dc 

converters, delivering up to 700 V dc. A control loop inside the FPGA receives the measurement values from the analog-

digital converter (ADC) interface. The control loop then calculates the difference with the references and sends the 

corrected set points according to selected operation mode. The 6 digital amplifiers are separated in two groups, group A 

and B. The set points 1, 2 and 3 belong to group A, and the others to group B. Different mode are available for each 

group as shown in Table 1. Figure 6 shows a simplified scheme of the grid emulator, with the different switches for 

selecting operation modes displayed. Depending on the switching output matrix, the digital amplifiers can be configured to 

act as a 1, 2, 3 or 6 phase system with or without an output transformer. Figure 43 shows the output matrix with all 

switches and the different applicable operation modes. There are 22 different operation modes as listed in Table 15.  

Table 1 Different mode for the grid emulator 

No. Name Group 1 Group 2 

1 3 phases transformer (synchronous) X - 

2 3 phases symmetric - X 

3 Free Amp AC/DC X X 

4 DC 3 CDA parallel X - 

5 DC bipolar X X 

6 3 phases plus neutral (synchronous) X (S) X 

7 3 symmetric 2 CDAs parallel (synchronous) X (S) X 

8 DC unipolar 6 CDAs parallel (synchronous) X (S) X 

SCADA (Supervisory Control and Data Acquisition) is a system to monitor, control and operate with digital amplifiers 

inside the grid emulator. Digital amplifier system can be controlled by SCADA only or by Hardware-in-the-loop (HIL) 

controller with SCADA concurrently. SCADA system has to be used anyway because HIL controller serves for the setting of 
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Figure 6 Simplified scheme of the grid emulator. 

set points and measurement only. SCADA provides parameterization of digital amplifiers, system logic, emergency logic, 

error handling etc.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Wind Farm Emulator 

In order to emulate the wind turbine, there are two possibilities:  

 Use the grid emulator as wind farm emulator. 

 Use a set of generator-motor as wind farm emulator. 

The first and preferred option is based on the hardware in the loop concept. A model of the wind fam is simulated in real 

time in the OPAL-RT platform. The output voltage is then transferred to the grid emulator, that act as an interface to the  

other external power components. The grid emulator measures the output current and send it back to the real time 

model. Thus, the simulation accounts for the feedback of the remaining system. Both the grid emualtor and the OPAL-RT 

platform are described in detail in other sections of this document. This option may lead to stability issues in the testing 

phase that could not be completely forecasted in the design phase. Thus, a second option is provided as backup 

(described in the original project description). 

The second option consists of using the wind farm emulator representing the wind farm with an asynchronous generator 

(G) and full converter as shown in Figure 7. The generator is driven by the motor which is controlled by a frequency 

converter i.e. ABB ACS600. The idea behind is that the motor emulates a wind profile to the asynchronous generator. The 

LabView programming environment is used for providing set points to the frequency converter. The objectives of this wind 

emulator software are the following: 

 Control the motor torque according to an input file. This represents the torque from the wind acting on the 

turbine blades. 
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 Control the generator speed in a similar manner as ordinary wind turbines. A relation between the shaft torque 

and the optimal rotational speed is defined (maximum power point tracking).  

 

 

 

 

 

Figure 7 Schematic diagram of the wind farm model 

 

 

This process can be visualized in Figure 7. First, a load torque time series may be loaded in a comma-separated value 

(CSV) format. This file is used as a torque reference to the ACS600 converter. These references are sent using a National 

Instrument Data acquisition (NI DAQ) protocol. NI DAQ also reads the motor speed in order to control the torque. The 

AC/DC converter connected between the generator and the DC-grid gives the generator the ability to operate at variable 

speed, i.e. SINTEF 60 kVA converter in Figure 7. The generator side converter interfaces with the PC through a CAN-bus. 

The CAN-bus reads the converter speed, currents, and voltages while it sends speed or voltage reference to the converter 

from the lab PC. This converter used an in-house developed control system allows full insight into all details of the control 

system. The control system runs on a processor system that is embedded in FPGA (Field-Programmable Gate Arrays) and 

is very similar to the control system used in the other AC/DC-converters in the laboratory. The rated power of the 

generator is 55 kVA, and the rest of the parameters is displayed in Table 2. 

Lab PC

- CAN read:

  converter speed, current, voltage etc.

- CAN write:

  converter speed reference

Store all recorded values in a time-stamped text file 

(values averaged over a specified time interval)

- Load torque time series

  .csv - file 

- NI DAQ analog out

  Send torque reference to ASC600

- NI DAQ analog in

  Read torque and speed from ASC600

- Calculate SINTEF-converter speed reference

  Share with the turbine emulator VI

Store all recorded values in a time-stamped text file 

(values averaged over a specified time interval)

Labview Sub-VI 1

Torque emulator

Labview Sub-VI 2

Turbine emulator

SINTEF 60 KVA-converterGenerator

GENMOT

Motor400 V 

supply

ABB converter

ACS 600

NI DAQ

Chassis

SINTEF 

FPGA-controller

Torque ref Speed/torque

meas

Speed

ref
Electrical

measurements

DC-grid 

star point
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The firts option would provide a better representation of the wind farm dynamics and thus will be preferable. The second 

option is considered as a backup since only the slowest dyanmics could be reproduced due to the mechanical constrains of 

the real electrical machines present in the setup. This is then considered as a backup option to derisk the possibility of 

unforeseen limitations in the implemention of the PHIL solution.  

Table 2 Induction generator parameters 

Parameter 
Value Unit 

Power rating 55 kVA 

Voltage 380 V 

Power factor 0.81 - 

Nominal speed 990 rpm 

3.3 DC breakers 

Dc grids may require breakers for separating the network into subnets, and to isolate faulty sections. It should be noted 

that the focus of the experiments will be on interoperability and no test will be specifically conducted to investigate fault 

conditions. In this context, the presence of these dc breakers is more to ensure an additional level of protection and be 

able to interrupt current flow not only via the converter controls.  The designed dc breaker unit has two different roles 

depending on whether the behavior of the switch is of interest for the actual experiments: (i) Scaled-down model of dc 

breaker. It can protect the converter when a dc fault occurs. (ii) Separation switches between network segments.  It can 

make a reconfiguration of the system if is required.  

A laboratory scale model is built with ratings adapted to the dc network and converters in the laboratory system. Figure 8 

shows the configuration of the dc breaker. The dc breaker contains the following components: 

 Solid state IGBT transistors. IGBT transistors are used as the semiconductor switch; they are organized in cells 

consisting of two transistors in anti-series with the common emitter. This allows the two transistors in a cell to 

use a common driver. 

 A metal oxide varistor (MOV). A metal oxide varistor (MOV) is connected in parallel with a set of the IGBT 

modules in anti series according to the solid-state dc breaker topology shown in Figure 8. MOV is mainly used for 

energy dissipation.  

 Isolator switch. This is used for physical isolation. It is referred as KS in Figure 8. 

 Bypass switch. A bypass switch is implemented in order to operate without the dc breaker or being the 

mechanical switch in the hybrid breaker topology. 

 Snubber circuit. A snubber circuit is a parallel branch attached to the semiconductor with the intention of reducing 

stresses on the component during turn-on and turn-off. During turn-off, transient overvoltages may be induced 

over the component due to stray inductances. The snubber will protect the device from this transient over voltage 

contributions from stray inductances. The snubber circuit is added to each IGBT with 0.1 µF 

 Control system. A gate driver circuit controls the gate voltage of the IGBT and thus the switching between on- or 

off-state. In on-state, the gate driver ensures a gate-emitter voltage VCE = 12−15V , depending on the gate 

driver power supply. Galvanic isolation is realized using optocouplers in the gate driver circuit avoiding electrical 

contact between the power circuit, the control system equipment, and ground potential. During a short circuit, the 

current may rise so high that the IGBT operates in the active region. Compared to normal operation, higher VCE 

is provided and the local protection may trip. This mechanism should be avoided under dc fault operation since a 

dc breaker in a dc grid should interrupt short circuit current detected by an external protection in order to comply 

with the selectivity criterion. The local short circuit protection should however not be removed as it provides 

backup protection in case of external protection failure. 
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The dc breakers have a bi-directional current interruption possibility as the IGBT modules are placed in anti-series. The 

configuration has included functionality for charging the adjacent dc capacitor bank in order to test the performance of the 

dc breaker prototype. The test bench consists of a simple dc capacitor bank, and the parallel charging resistor Rc = 22 kΩ 

will reduce the inrush current. The control system is based on simple 24 V dc electromechanical relays. This is expected to 

be developed further as the dc breaker is tested. e.g. A field programmable gate array (FPGA) is attached to the control 

system, but not currently in use. 

The dc breaker is separated into three parts in the construction: middle section, which contains heatsink, the breaker 

cells, charge resistance and gate driver cards; backside steel plate, which contains the contactor switches attached; and 

the front side steel plate with the control system and auxiliary power supply. An overview of the parts is given in Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Overview of the dc breaker construction. 

Figure 8 Basic configuration circuit diagram of the DC breaker in the test model 
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3.4 Modular Multilevel converter 

The Best Paths demonstrator includes three lab-scale 60 kVA MMC converters for representing a scaled-down multi-

terminal HVDC setup. The three MMC are designed with the aim of performing interoperability studies, i.e. the three MMCs 

will have a different number of levels and possibility of different control implementations and settings. The 12-level MMC 

station is being designed based on a full-bridge sub-module topology whereas the rest of the stations are based on the 

half-bridge concept. 

The configurations are specified as follows: 

• MMC unit with half bridge cells with 18 cells per arm (HF18) 

• MMC unit with full bridge cells with 12 cells per arm (FB12) 

• MMC unit with half bridge cells with 6 cells per arm (HF6) 

The configuration HF18 is operated without PWM (e.g. near level modulation) while the configuration HF6 is operated with 

PWM on one cell. The configuration FB12 could be operated in both the control options. 

 Dimensioning of the main components in the MMC 4

A MMC consists of a number of cascaded submodules (SM) in series as is illustrated in Figure 10. An individual SM is 

composed of a set of capacitors and semiconductor devices. There are two dominant configurations: half-bridge (HB), as 

shown in Figure 10 A), and full-bridge (FB), Figure 10 B). FB-SM contains twice the semiconductor devices compared with 

HB-SM. So, higher power losses are expected. However, FB-SM has advantages, e.g. it can handle dc faults. The 

submodules are connected in series with an inductor and this constitutes a converter arm. Each MMC has an upper arm 

and lower arm. Figure 10 only shows one phase for simplicity. Both FB-MMC and HB-MMC have been considered in the 

demonstrator. 

This section describes the dimensioning of the main components in the MMC, i.e. the arm inductances, the module 

capacitance, and the transformer inductance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 MMC topology A) Half-bridge MMC B) Full-bridge MMC. 
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4.1 Scaling procedure  

The selection of parameters is based on a reference model, which is the preliminary design of an MMC-HVDC system 

which interconnects the 400 kV systems between France and Spain. The system is composed by two identical power 

converters in a bipolar configuration connected through a long cable, about 70 km long, which is rated at 2x1000 MW. The 

power stations use MMC with a rated power of ±320 kV. The reference model data is given in Table 3. Figure 11 shows 

the one-line diagram of the reference system.  

 

Table 3 Reference model data 

 Value Comment 

DC Voltage: ±320 kV Bipolar configuration 

Rated Transmission Capacity: 1059MVA 1000MW ±350Mvar 

Sub-Modules per Multivalve arm: 400 800 per phase 

Sub-Module Capacitance: 10 mF designed for ±10% voltage ripple 

Arm inductance: 15% of the system impedance 

Transformer: 18% of the system impedance - 1059-MVA, 400/33kV three 

phase transformer with its secondary winding connected in 

delta 

 

 

 

Figure 11 Reference model one-line diagram  

The converters in the demonstrator are a scaled down version of the reference system. It is intended to preserve as much 

as possible the dynamic of the system.. The decision of the number of modules per arm in the laboratory models is based 

on the following criteria:  

 First, it is a techno-economical decision. There is a trade-off among the cost and the performance. More levels 

lead to a better waveform and to reduced size of the arm inductance. However, the higher number of levels is 

reflected in the cost, which includes extra modules, the size of the capacitors, and the external grid side filters. 

 The voltage ratings of the semiconductors. The voltage rating is obtained by the total dc voltage divided by the 

number of levels. So, the more the number of levels, then the less voltage rating in the semiconductors devices. 

Moreover, if the number of levels is doubled the capacitance is doubled, but the stored energy ends up to be half.  
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 The grid current ripple. If the number of modules is large, the voltage step between the modules is expected to 

be small, then the equivalent switching frequency is high. The current ripple is small if the switching frequency is 

high. Therefore, the arm inductance value can be reduced.  

The results of calculation of rated current, cell capacitance and arm inductance for some different number of cells per arm 

is summarized in the following Table 4. 

Table 4 Cell capacitances and arm inductances for reference model and laboratory models 

# of cells per arm 400 18 12 6 

AC Voltage 330 kV 400 V 400 V 400 V 

DC Voltage 640 kV 760 V† 760 V† 760 V† 

Rated power 1059 MVA 60 kVA 60 kVA 60 kVA 

Rated current 1836 A 83.2 A 83.2 A 83.2 A 

Cell capacitance 10 mF(29 ms*) 17.4mF(29 ms*) 11.6 mF(29 ms*) 5.8 mF(29 ms*) 

Arm inductance 50 mH 1.4 mH 1.4 mH 1.4 mH 

TRX Inductance 60 mH 

(0.18 pu**) 

1.7 mH 

(0.2 pu**) 

1.7 mH 

(0.2 pu**) 

1.8 mH  

(0.2 pu**) 

THD (excluding 

transformer) 

 0.92% 3.07% 2.7% 

†776 V is considered in order to keep the same ratio between AC and DC side of the reference system. 640 

kV/330kV=776V/400V.  

* The time constant is the time needed to charge the capacitor from zero to rated voltage. It can be calculated as follows: 

time constant= (0.5*6*cell capacitance*DC Voltage^2)/(# of cell per arm*Rated power) 

** pu values 

Note that for a fixed rated capacity and voltage, the cell capacitance decreases with the number of levels. 

In order to represent the dynamics of the MMC converter in a best possible way, the resistance of the MMC laboratory 

model should be as low as possible. The losses of a full-scale MMC may be lower than 1%, however, this is not realistic to 

achieve with a low-rated MMC laboratory model within the budget of this project. Table 5 shows the calculated losses in 

the 60 kVA MMC laboratory model at rated power and proper regulation of the circulating current. Switching losses of the 

MOSFETs are not included. 
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Table 5 Calculated losses in the MMC laboratory model 

Number of levels 6 12 18 

Half Bridge (HB) or Full Bridge 

(FB) 

HB FB HB 

Choke losses 0,59 % 0,59 % 0,59 % 

Mosfet losses 0,60 % 0,63 % 0,47 % 

Capacitor losses 0,95 % 0,77 % 0,90 % 

Board and cable losses 0,03 % 0,07 % 0,10 % 

Transformer losses 1,31 % 1,31 % 1,31 % 

Total losses 3,48 % 3,36 % 3,37 % 

 

 

4.2 Semiconductor ratings 

MOSFETs are chosen instead of the power modules because of the advantages in terms of power losses, switching 

behavior at low voltages levels, and cost. MOSFETs in smaller housing, like TO-220 and TO-247, has a substantially lower 

price.  

The MOSFETs have been selected based on the following specifications: 

• Voltage rating. The average module capacitor voltage is equal to the total dc voltage divided by the number of 

cells. A margin of 40% is needed to provide the expected voltage plus the ripple at the capacitor.  Moreover, a 

50% extra margin is added as a security margin. So, the 18-level MMC cell has been designed for a voltage rating 

of 150 V, the 12-level MMC for a voltage rating  of 150 V, and the 6-level MMC for a voltage rating  of 250 V. 18-

level MMC may work with 100 V, however, for convenience only two voltage ratings have been selected. 

• Current rating. The individual current ratings for each MOSFET of the half bridge in the module depend on the 

mode of operation of the converter. The arm current depends on the output power and the circulating current of 

the MMC converter. If a proper circulating current regulator (CCR) is used, the rated current is around 50 A. 

However, the MOSFET must be able to handle an overload transient current and operate without the circulating 

current control. Thus, the MOSFETs have been rated to 100 A rms current since the rms current is doubled 

without CCR. 

• Housing. TO-247 is the best alternative mainly driven by the cost. 

• Fast intrinsic diode. Intrinsic body diodes have normally a poor switching performance, not suited for applications 

where diode switching is expected. Type with enhanced body diode is required.  

• Low R_DS(on). In order to produce low resistance and hence low power losses.  

• 5 MOSFETS in parallel. Multiple MOSFETS in parallel are needed to obtain the necessary current. Paralleling also 

reduces the conduction resistance. TO-247 is chosen since this is larger than TO-220 and are found in suitable 

voltage levels with low conduction resistance. 

It is important to mention that the pins on MOSFET could handle only approximately 75A. This is a limitation to take 

into account. The data for selected MOSFETs in this voltage category with low conducting resistance (R_DS(on)) and 
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fast diodes is presented in Table 6. All these MOSFETs have TO-247 housings. The Fairchild FDH055N15A is selected 

for further design because of its low conducting losses and fast diode. The data of the MOSFETs in this voltage 

category with the lowest conducting resistance (R_DS(on)) and the fastest diode is presented in Table 7. The IR 

IRFP4668PbF and IRFP4768PbF are selected for the further design. 

Table 6 Most promising MOSFETs 150-175V 

 Fairchild 

FDH055N15A 

IXYS 

IXFH160N15T2 

IXYS 

IXFH150N17T2 

IRF 

IRFP4568PbF 

Rated voltage 150 V 150 V 175 V 150 V 

Rated current 167 A 160 A 150 A 171 A 

R_DS(on) 4.8 mΩ 7.7 mΩ 9.7 mΩ 4.8 mΩ 

Q_RM 0.34 uC 0.32 uC 0.32 uC 0.76 uC 

trr 105 ns 160 ns 160 ns 133 ns 

dv/dt 6 V/ns 15 V/ns 15 V/ns 18.5 V/ns 

 

Table 7 Most promising MOSFETs 200-250V 

 IR  

IRFP4668PbF 

IR  

IRFP4768PbF 

Infineon 

IPP220N25NFD 

Casing TO-247 TO-247 TO-220 

Rated voltage 200 V 250 V 250 V 

Rated current 130 A 93 A 61 A 

R_DS(on) 8.0 mΩ 15.5 mΩ 19.0 mΩ 

Q_RM 0.94 uC 2.3 uC 0.62 uC 

trr 155 ns 200 ns 128 ns 

dv/dt 57 V/ns 24 V/ns 60 V/ns 

 

The maximal MOSFET rms current is listed in Table 8. The maximal current is calculated for 5 and 6 MOSFET in parallel 

and for two different heat sinks, a single heat sink with 12 K/W thermal resistance and a double heat sink with 7.5 K/W. It 

is assumed a maximal junction temperature at 100oC and 2 kHz switching frequency. The power cell board has five 

MOSFETs in parallel and the double heat sink with 7.5 K/W. The calculated maximum current is thereby 145 A for the 150 

V variant and 67 A for the 250 V variant. 
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Table 8 Maximal MOSFET rms current 

Heat sink thermal resistance 

# of MOSFETs in parallel 

12 K/W 

5 

12 K/W 

6 

7.5 K/W 

5 

7.5 K/W 

6 

150V MOSFET (FDH055N15A) 116 A 139 A 145 A 175 A 

200V MOSFET (IRFP4668PbF) 79 A 95 A 102 A 122 A 

250V MOSFET (IRFP4768PbF) 49 A 59 A 67 A 80 A 

600V MOSFET (FCH76N60NF) 30 A 36 A 47 A 51 A 

4.3 Transformer inductance 

The transformer of the reference model has an impedance of 18%, however making a low voltage and low rated 

transformer with such as high impedance is difficult with standard production methods. Simulations show sufficient 

filtering even with 3 % impedance. Therefore, a cheaper and simpler transformer with 3% is chosen. A low impedance 

transformer will also have lower losses. If more impedance is needed, the extra arm inductors could be used on the 

output. A 1.5 mH inductor correspond to 18 % impedance in the transformer. The transformer specification is listed below 

in Table 9. The voltage rating is set to 480 V instead of 400 V to avoid nonlinearity. The peak flux at 480 V will be 1.2 T 

and at 400 V it will be 1.0 T. 

Table 9 Transformer specifications 

Parameter Value Unit 

Power rating 80 kVA 

Nominal frequency 50 Hz 

Transformation ratio 480V/480V - 

Leakage inductance  .0324 pu 

Configuration  Dyn11 - 

Ambient temperature 25 °C 

Maximum losses (core and windings) 1000 W 

Total current THD: 12 % in the area between 5th and 17th harmonic. (5th: 9%, 7th: 7%, 11th: 3%, 17th: 2%). In 

addition, there will be a ripple current due to the PWM switching. This depends on the switching frequency that will be 

between 1 kHz and 4 kHz. e.g 8 A (peak to peak) at 4 kHz switching frequency, 16 A (peak to peak) at 2 kHz switching 

frequency or 32 A (peak to peak) at 1 kHz switching frequency. 

4.4 Cell capacitance 

The capacitance of the capacitors is designed in such way that the voltage ripple is ± 10% when the circulating current is 

regulated to a minimum, and all capacitors in one arm have the same voltage. If the circulating current is not regulated, 

the arm current will be approximately 100% larger, meaning the voltage ripple will also double. If the MMC is controlled in 

such way that the balancing is performed only when a new cell is connected or disconnected and only this cell is turned 
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ON or OFF, the worst possible voltage ripple will be twice as large as if all cell voltages were equal. The maximum cell 

voltage ripple will then be +/- 20% when the circulation current is regulated and +/- 40% when the circulating current is 

not regulated. The rated voltage of the capacitors will, therefore, be dimensioned for +/- 40% voltage ripple. 

Table 10 shows the cell voltages at maximum DC-voltage (800 V) and 60 kVA rated power. The peak cell voltage depends 

on the number of cells and the maximum allowed over current. The table also shows the rated voltage of the selected 

capacitors and the trip level settings on the power cell board. The 18-level MMC has the least margin between maximum 

peak cell voltage, trip level and rated capacitor level.  

Table 10 Maximum cell voltages 

Number of levels 6 12 18 

Mean cell voltage 133  67 44 

Peak cell voltage at +/-10 % voltage 147 73 49 

Peak cell voltage at +/-20 % voltage 160 80 53 

Peak cell voltage at +/-40 % voltage 187 93 62 

Rated capacitor voltage 250 100 63 

Trip level (Power cell board) 195 97 62 

As mentioned above, the size of the capacitors is designed in such way that the voltage ripple is +/- 10% when the 

circulating current is regulated to a minimum and all capacitors in one arm have the same voltage. The total energy of the 

capacitors depends on the power rating of the MMC converter. The capacitance in each cell will depend on the number of 

cells per arm (N). The cell capacitance for 400, 18, 12 and 6-levels MMCs are presented in Table 11. The selected 

capacitance is 14-30 % higher than the calculated capacitance. The main reasons for this are: (i) the current capability of 

electrolytic capacitors are limited, so more capacitance will increase the current rating. (ii)more capacitors will reduce the 

stress on them. Moreover, electrolytic capacitors lose capacitance with time. 

Table 11 Cell capacitance for different MMC levels 

Levels 400 18 12 6  

DC Voltage 640kV 776 V 776 V 776 V   

Rated power 1059MVA 60 kVA 60 kVA 60 kVA 

Calculated cell capacitance 10 mF 17.4 mF 11.6 mF 5.8 mF 

Selected capacitance - 19.8 mF 15.0 mF 7.5 mF 

Extra capacitance - 14.1 % 29.7 % 29.3 % 

Both film and electrolytic capacitors were evaluated for the MMC converters. Table 12 summarizes the advantages and 

disadvantages of the two capacitor types. 
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Table 12 Advantages and disadvantages of film and electrolytic capacitors 

 Film Electrolytic 

Current per capacitance High. Film caps will be large and 

expensive since the current rating 

is too high. 

Smaller caps and/or higher voltage caps 

must be used to achieve necessary 

current. 

Overcurrent capability Very good Use of electrolytic capacitors will maybe 

reduce the current capability. 

Resistance ESR (per cell) 

(N=15) 

0.03-0.7 mΩ 5-15 mΩ 

Capacitor loss (N=15) 0.005-0.1% 1-3% 

Price (N=15) High, 6-10 kNOK/cell From 350 NOK/cell 

Size Large, approx. 15 times larger 

volume than electrolytic. 

Small 

 

Lifetime Long Limited. 

The internal resistance of the electrolytic capacitors (ESR) varies with temperature and frequency. ESR decreases with 

temperature. It is given at 20 degrees Celsius; however, it is 40-50% lower at 85 degrees Celsius. In addition, ESR is 

higher for lower frequencies. The rated current and ESR are given at 100 Hz; however, ESR is up to 50% higher at 50 Hz. 

The current rating is, therefore, ca 20% lower at 50 Hz compared to the 100 Hz value. The cost of film capacitors would 

be very high because large low-voltage capacitors do not exist, and capacitors with unnecessary high voltage rating would 

need to be used. In addition, the current compatibility of the film capacitors is much higher than the MMC need. The cost 

of the film capacitors for all three MMC's would probably have been over 100k€. Electrolytic capacitors with screw 

terminals with a diameter of ca 35 mm and length between 50 and 110 mm are selected for the design layout. These 

capacitors have a high current rating per capacitance because of their limited size. They are easy to mount on the board 

and are robust, they exist in many voltage classes (16V to 500V), their prices are moderate and they are available from 

several manufacturers (Epcos, Kemet, Cornell Dubilier). 

4.5 Arm inductances 

The arm current depends on the output power of the MMC converter and the circulating current of the MMC converter. The 

inductor must be able to handle an overload transient current without going into saturation. If a proper circulating current 

regulator (CCR) is used, the needed specification of the 6 one-phase inductors at 60 kVA power output are indicated in 

Table 13. In the case of no-CCR, the rms current is doubled. This means that the build size of the inductor will be 

approximately double size.  In addition, there will be a large 2nd harmonic current component. The choke should, 

therefore, be rated for 50-100 Hz to avoid heat problems caused by increased iron losses. It must also be able to handle 

some PWM switching voltage. Since the converter is designed to operate without the circulating current control, the 

inductors will be rated to 100 A rms current. The inductance is increased to 1.5 mH in order to be sure to be in a safe 

operating area when operating without circulating current control. The two windings of the inductor are connected in 

series. By connecting the two winding in parallel, the inductance could be reduced to 0.375 mH. In addition, there will be 

a ripple current due to the switching. This depends on the switching frequency that will be between 1 kHz and 4 kHz. For 

example 4 A (peak to peak) at 4 kHz switching frequency, 8 A (peak to peak) at 2 kHz switching frequency or 16 A (peak 

to peak) at 1 kHz switching frequency. The inductors have foil winding and the maximum losses in core and windings are 

expected to be in the range of 230 W. 
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Table 13 Arm inductance with and without circulating current regulator (CCR) 

Parameter CCR No-CCR Practical 

modifications 

Unit 

Arm inductance 1.4 1.4 1.5 mH 

Rated current (rms) 50 100 100 A 

Peak current 88-360 180-

360 

180 A 

THD  214** 17*** % 

*Depending on the over current capability; ** Second harmonic current is about 214 %; *** Total current THD: 

17 % in the area between 5th and 17th harmonic. (5th: 10%, 7th: 8%, 11th: 7%, 17th: 3%) 

Table 14 summarizes the main specifications of MMC including the practical modifications mentioned above. 

Table 14 Main specification in MMC converters including the practical modifications 

# of cells per arm 18 12 6 

DC Voltage 776V 776V 776 V 

Rated power 60 kVA 60 kVA 60 kVA 

Rated current 83.2 A 83.2 A 83.2 A 

Cell capacitance 19.8mF 15mF 7.5mF 

Arm inductance 1.5 mH 1.5 mH 1.5 mH 

TRX Inductance 0.3 mH 0.3 mH 0.3 mH 

 MMC system design 5

The MMC control system consists of three layers of control as shown in Figure 12. The power cell unit, the group control 

board, and the central control unit. 
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Figure 12 Overview MMC system 

5.1 Power cell board 

This board represents the power stage and contains the semiconductors devices, electronic drivers, measuring devices 

and circuitry and some interlock and protection. Above, each component is described: 

 Semiconductor devices. The board contains two independent half bridges, consisting of arrays of parallel-

connected power transistors in TO247 case. Five MOSFET transistors in the TO247 case are connected in parallel 

and the body diodes in the MOSFETs are used as freewheeling diodes. RC snubbers are considered in order to 

handle reverse recovery snap-off properly, and damps oscillations caused by the turn on and off transients. 

 DC link capacitor bank. Each bridge leg has its own DC link capacitor bank. The half bridges can be used 

separately or connected with common DC link to form a full H-bridge. The capacitor bank consists of six 

electrolytic capacitors with low ESR and high current capacity. At low frequency, the ESR is larger than at higher 

frequencies, giving higher losses. In MMC applications, the capacitor bank must carry a large 50Hz ripple current. 

A certain capacitance value is also required, so the ESR/Capacitance ratio is the critical parameter for selecting 

capacitors. The 160V half-bridge requires additional capacitors mounted on the board.  

 Electronic driver. The core component in the driver is the Avago ACPL 339J driver IC. It is an IGBT and Power 

MOSFET gate drive optocoupler interface. Its input LED is driven by the dead time generating comparator. 

 Driver power supply. Power supply to the drivers is 24VDC. The voltage range for the driver-integrated 

components is tight, so regulated, or semi-regulated dc/dc are preferred.  
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 Measuring devices. Avago ACPL-C870 optocoupler-isolation amplifier is used for isolated DC link measurement. It 

consists of a sigma- delta AD converter, an optocoupler, and a DA converter, giving analog output signal. The 

voltage measurement is split into multiple resistors in order to allow for high DC link voltages. Scaling is 

determined by the resistor values in the input voltage divider. It must be adapted to match the maximum voltage 

level of the DC link capacitor and power transistors. 

 Over temperature protection. Each bridge leg has an over temperature protection circuit that consists of a string 

of PTC resistors at DC- level.  The series connected PTC resistors feeds current to the LED in an optocoupler. A 

shunt resistor drains away some of the LED currents, so when the PTC resistance increases the optocoupler LED is 

turned off. The output signal from the optocouplers is then captured by error signal latches. 

 The driver interface and interlock logic. The board has a fault protection interlock system that blocks the ON-

signals to the drivers if not all status signal sources give OK-signals. All control signals in the driver interface are 

designed as active high signals with pull-down resistors at the inputs. The control system must give active signals 

to make anything happen. This ensures that the power stage is in a safe, passive state if the control system is 

switched off or is disconnected. A global Enable signal acts as an OFF signal that blocks all the ON-signals to the 

drivers. 

Figure 13 shows a picture of the power cell board and their main components. 

 

 

 

 

 

 

 

 

 

 

 

5.2 The group control board 

The core of this board is based on a Xilinx Artix XC7A35T FPGA.  It generates control signals for a group of converter 

drivers and reads status and diagnosis signals from the drivers. An additional set of signal interfaces is used for reading 

analog and digital feedback signals for the converter units. It also contains dc-dc converters and support circuitry for the 

FPGA. The board contains: 

 A field-programmable gate array (FPGA). The main requirement for the FPGA is to support two-gigabit 

communication links. The board has two clock oscillators, a 125 MHz clock for the gigabit interface, and a 100 

MHz clock for general use. 

 IO ports: The board has various IO ports: (i) Two 16 bidirectional bit IO ports, which are intended for general 

use, (ii) Two relay driver outputs can be used to drive relays with 5V coil voltage, and (iii) four multipurpose 

signal inputs can be used for analog or digital signals. The digital signal inputs from the power cell boards have 

2.2 us time constant.  These are expected to be clean, so Schmitt triggers are not used here. 

 SFP cages for two gigabit fiber link transceivers. 

Figure 13  Power Cell Board 
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 LEDs and USB UART for status indication, debugging and testing. Test pins and LEDs are available for debugging 

and for status indication. The board also has a USB-UART interface IC. It allows simple data transfer and control 

to PC during testing and debugging. 

 Flash Eeprom for configuration and serial MRAM (~EEPROM) for parameters. A 128 kB MRAM (EEPROM 

replacement) with SPI interface is used for parameter storage. 

Driver interface and interlock circuit.  The board contains hardware interlock circuitry that ensures that the enable signals 

to the drives can be blocked independently of the FPGA. The interlock system has two functions: external interlock and 

the pilot signal. First, an active external interlock input signal must be present. The source can be a digital output port, a 

switch or an optocoupler. Second, a signal rectifier and filtering circuit are used as a pilot signal detector. It ensures that 

the driver enables signals that are blocked unless the FGPA generates a 1 MHz pilot signal. Both driver interface and 

interlock circuit is illustrated in  

Power supply to the board is 24V. In the board, dc-dc converters generate supply voltages to the FGPA via an 

intermediate 5V bus. 24V and 5V supply is distributed to the power cell boards. PTC fuses protect the signal lines from 

overload. 

Figure 14 shows a picture of the group control board and their main components. 

 

 

 

 

 

 

 

 

 

 

 

 

5.3 Converter control unit 

The processor board is based on a PicoZed Mezzanine board made by Avnet.  The processor board is designed primarily 

for converter control but can also work as a general purpose processor board. It contains eight analog inputs for current 

or voltage transducers, and interface for two three-phase gate drivers. It also contains an interface for CAN bus and for a 

pulse encoder. The board has four fast DA outputs, primarily intended for oscilloscope monitoring of internal signals. 

General purpose signal inputs can be used for switches, digital signals or analog signals. Four relay driver outputs can be 

used for switchgear control.  In order to reduce the risk of connection errors 3 pin connectors are used for single signal 

inputs, and 2 pin connectors for outputs.  The following provides a more detail information about the different components 

on the board: 

Figure 14 Group control board 
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• The processor board is based on a PicoZed Mezzanine board made by Avnet.  The PicoZed module contains 

the common functions required to support the core of most SoC designs, including memory, configuration, 

Ethernet, USB, and clock. 

• 8x 12 bit 40 Megasamples per second (MSPS) AD converter, with an interface for LEM current transducers. A 

fast main AD converter is chosen in order to utilize oversampling. This gives the ability to reduce noise by 

digital filtering. The nearly continuous signal flow, given by the high sampling rate, suppresses sampling 

artifacts that otherwise can give a false signal at lower sampling rates. The board contains interface circuitry, 

shunt resistors, for current signals from active hall element based current transducers.   

• Driver interfaces for 3 phase converters. The interface to the power transistor drivers is a generic three phase 

driver interface. Driver signals use 5V CMOS signal level. Status signal inputs have to pull down resistors, and 

small RC filters with 2 us time constant, that removes some of the high frequency that may have been picked 

up by the wiring. Control signals are driven by level translator ICs. These are fast and low ohmic, so series 

resistors are inserted in order to reduce fault currents and provide some impedance matching that damps 

high-frequency oscillations in the wiring. The drivers are blocked when a high frequency, approximately 1 

MHz, the pilot signal generated by the FPGA is not presented. The pilot signal detection circuit consists of an 

RC high pass circuit, a signal rectifier, an RC low pass filter and a Schmitt trigger. The low pass filter has two 

functions: (i) it ensures that single pulse glitches are smoothed over, so updates to the pulse source do not 

give unintended blocking. (ii) it also ensures that several pulses are required before blocking is released when 

the pulse train starts. This suppresses spurious pulses and state changes that may occur during start-up. 

• General purpose 16 bit IO ports. The board contains 16-bit digital IO-ports with bidirectional signal lines.  

High output is 3.3V, which corresponds to TTL high level. Moreover, input high can be 3.3 or 5V.  These 

signals use series transistors for voltage translation, so signal direction is set individually by the FPGA pin 

drivers.  However, it is recommended to group in and output lines being byte wise. Suitable interface circuitry 

can be made using 74HCT logic devices, which are 5V devices with TTL input signal level. 

• Signal inputs. The board has some general purpose signal inputs that can be used for either analog or digital 

input signals. Each connector corresponds to one signal pin,  which has +5V supply and signal ground pins. 

Digital signals use 5V CMOS signal levels.  Schmitt-trigger buffers clean the digital input signals. The digital 

signals are filtered with an RC filter with 1 us time constant. The signals input normally have 50 k pulldown 

resistors. A 1 k pull-up resistor is controlled by a tristate buffer. This allows open collector signal sources and 

switches connected to signal ground to be used. It is also possible to use the pull-up resistor control to make 

an output signal. Analog input signal range is 0-5V. Filter time constant for the analog signals is 5 us. The 

analog signals are buffered by a single supply opamp before fed to the AD converter embedded in the Zynq 

FPGA via a multiplexer. A rail-to-rail CMOS opamp with low offset is used. It is able to drive its output down 

to zero, so AD values close to 0 should be achievable with single supply to the amplifiers.  

• 4x 12 bit 10 MSPS DA converters with outputs buffer. The board has four analog outputs. These are driven by 

two dual multiplying DAC and an amplifier stage. Output signal range is +- 2,5V.  The DA converters can run 

at 20 MSPS.  They have parallel data interface. Data writes can be interleaved, writing alternatively to the 

two DA converters, in order to obtain high update rates.  

• Relay drivers. 5V relay drivers, which use P-cannel MOSFETS as high side switches, is contained in the board.  

• Comunication port. The board contains many comunication ports: 

o Ethernet. The Ethernet port uses the PHY IC on the PicoZed board. It is connected to an RJ45 connector 

with integrated magnetics, rated for 1000baseX.  

o USB/UART port. A Silicon Labs CP2102 UART to Serial IC is used as an RS232 replacement. It is powered 

from the 3,3V supply on the board. This chip has an internal EEPROM that is preprogrammed with Vendor 

ID and Product ID that identifies it as a USB UART device, so a PC can find a usable driver automatically. 

It has a default serial number that may be changed in order to be able to distinguish between different 

boards. 

o USB port. The USB port on the PicoZed board is connected as a Device, the OnTheGo mode is not use
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o SPF optical fiber interface. The gigabit ports on the FPGA are connected to (Small Form Pluggable) SFP 

cages for pluggable gigabit fiber transceivers. The gigabit transceivers in the FPGA are driven by a 125 

MHZ clock with (Low-voltage differential signaling) LVDS logic interface. This gives 1.25Gbit raw data 

rate.  A second oscillator, at 250 MHz can also be mounted, in order to obtain higher data rate.   

o CAN bus. The CAN bus transceiver is isolated from the rest of the board.  The power supply is provided 

by a dc-dc converter. A pair of optocouplers is used for signal transfer across the galvanic insulation. 

They are configured so a dark optocoupler means passive bus state (High). 

Figure 15 shows the overview of the main components. PicoZed contains a Xilinx Zynq 7030 chip, which is based on an 

ARM A9 processor with on-chip FPGA. 

 

 

 

 

 

 

 

 

 

 

 

 

5.4 Central control unit 

The central control unit is based on OP5200 produced by OPAL-RT. The National smart grid laboratory owns 2 targets 

OP5200. OP5600 contains a Xilinx Virtex-6 FPGA (ML605). Moreover, a CAN board is installed in the chassis. The CPU is 

two Intel Xeon Six-Core at 3.46 GHz. It has a 4 GB memory RAM. The operating system is Linux Redhat. The system can 

be used for control prototyping, power electronics simulation and power systems simulation. 

OP5200 can be connected to the MMCs using two ways: copper-based I/O interfaces or optical interfaces. The optical 

interface uses fiber optic connection between the OP5200 and the physical device, instead of copper wires require the use 

of another board , i.e. OP4520. The OP4520 board acts as a “slave” unit while the “Master” unit is the OP5600 board. So, 

The OP4520 is not equipped with CPUs nor classical analog and digital I/Os. Its main purpose is to provide optical fiber 

interfaces and the Aurora protocol in the FPGA. OPAL-RT supports the Xilinx Aurora protocol (up to 5 Gbps) over the SFP 

links and expects SINTEF/NTNU to use the same protocol in the converter side. This board contains a PCIe interface, four 

SFP connectors for fiber optic link, and a Xilinx Kintex-7 FPGA, which manages the fiber-optic based communication 

protocol. Figure 16 shows the layout of the connection between an OP5600 target and an OP4520 expansion board. The 

control algorithm is executed in the OP5600 target. Control parameters are sent from the OP5600 to the OP4520 through 

PCI link, then sent to an external converter though Aurora protocol over optical fiber. Measurements are also read back 

using the reverse path. 

 

 

 

 

Figure 15 Main board overview 
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In the National Smart Grid Laboratory there are 2 OP5600 targets, which work independently. However, they can be 

connected together and run bigger simulations by sharing the activated CPU cores of both targets. The data sharing and 

the synchronization are managed internally. The physical connection between targets is ensured by a high-speed low 

latency Dolphin communication. For example, one Simulink® model with 2 or more subsystems can be executed on the 

CPU cores of the 2 targets. The Dolphin link ensures the data communication at each time step. The synchronization link 

ensures that the I/Os of both targets remain synchronized. Figure 17 illustrates the synchronization link between two 

OP5600 boards. 

 

The grid emulator, a COMPISO System Unit 200 kVA from EGSTON, can be controlled using the central control unit. The 

interface is made using an OP4510 board with 4 CPU cores and a Xilinx Kintex-7 FPGA. The OP4510 board is directly 

connected to the power amplifier through the optical fibre-based ORION protocol. The analog input ports of the OP4510 

are connected to the CSU 200 cabinet measurements boards to measure voltages and currents in the cabinet. The 

OP4510 is embedded into the grid emulator.  

Figure 19 connected through high-speed optical fiber link to the OP4510 located in the grid emulator rack. More precisely, 

the OP4520 and the OP4510 exchanged data the Xilinx Aurora protocol. In this case, a model can be simulated in the 

cores of the OP5600 and exchange data with the grid emulator through the OP4520. The CPU cores of the OP4510 and 

the OP5600 cannot be used to run the same model. Nevertheless, the OP4510 and OP5600 can run separate models and 

exchange data via the SFP link All systems remain synchronized via the FO synchronization pulse.  Moreover, Both 

OP5600 boards can be connected to the grid emulator via the OP4520’s high-speed optical fiber links. In this case, a 

model is simulated in the cores of both OP5600 and exchanges data with the power amplifier through the OP4520s. All 

systems remain synchronized via the FO synchronization pulse. The process is illustrated in Figure 20. 

 

 

 

 

Figure 16 Connection between OPAL RT and the optical interface 

Figure 17 Synchronization of two OPAL board using Dolphin  

Figure 18 Synchronization between OP5600 and the grid emulator Figure 19 Synchronization between OP5600 and the grid emulator 
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5.5 Switchgear unit 

Switchgear is the combination of electrical circuit breakers that are used to soft-start, protect and isolate the MMC. 

Basically, two series of circuit breakers can be observed in the power circuit. These circuit breakers are turned on in a 

predetermined sequence to precharge the capacitors at each module and prevent overcurrents.  

All circuit breakers are normally open. At the start-up of the converters, circuit breaker K2 is turned on, so a resistance is 

connected in series at each phase.  Automatically, a timer turns on the circuit breaker K1. So, there is a precharging of 

the capacitors. It is also possible to operate the breakers using the control board by setting some parameters such as the 

voltage level.  

Switchgear unit cointains emergency bottons that can disconnect the MMC from AC side if If any eventuality occurs. 

Switchgear unit contains also an interlock circuit that can disconnect all the modules in case of some error or eventuality. 

Figure 20 Synchronization between two OP5600 and the grid emulator 
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Finally, Figure 21 shows how the control cards and components are mounted in the cabinets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.6 Distribution and structural details of MMC 

This section provides details of the distribution and structural details of MMC. First, the MOSFETs, package TO247, are 

spring mounted, not screw mounted to the heatsink as shown in Figure 22. The heatsink is electrically insulated from the 

surface of the board with a sheet of insulation. The power transistors are mounted with pins soldered straight into the 

PCB. Mechanical stress caused by temperature change is relieved by allowing the transistor case slide up and down along 

the heatsink. Friction resisting this movement is moderate as the surface of the ceramic brick is quite smooth and the 

force applied by the spring is not very high. Each half-bridge has its own heatsink, but it is possible to replace the two 

heatsinks by a single, common heatsink if this is required to obtain proper mechanical stability, but the heatsink must 

then be properly insulated from the board, as it will straddle the insulation between the two bridge leg power circuits. This 

can be done by placing an insulation sheet between the heatsink and the board. One of the resistor strings that ties the 

heatsinks to DC- must be removed then. 

 

 

 

 

 

 

 

 

 Figure 22Transistor and heatsink assembly. Insulation bricks, fastening clips. 

Figure 21 [left] 12M MMC [Right] Individual module 
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To contain all modules and other components, a 19" rack system is selected as cabinet system for the converters because 

such cabinet types have been found to be well suited for this type of applications.  The 19" cabinet system uses the unit U 

to define the size of the cabinets and the distance between mounting holes. The high of the selected cabinet is 38U. 1U 

represents 44.45 mm. A cooling fan could be mounted in the bottom of the cabinet. This will be mounted in the 6-level 

MMC since these power cell boards have 250 V MOSFETs and thereby the highest losses. In addition, the 6-level MMC is 

placed into one cabinet, while the 12-level MMC and the 18-level MMC is divided into two cabinets. Fans could be mounted 

in the 12-level MMC and the 18-level MMC cabinets if the tests show that this is necessary.  

Figure 23 shows the layout of the 12- and 18-level MMC cabinets. The cabinets are seen from the side. The doors, two per 

cabinet, is placed to the left and the right on the drawing of each of the cabinets. The power modules (Rupper1, 

Supper1...) are inserted through the doors, from left and right. The numbers to the left and right in the figure are 

numbering in the U-system. The high of the cabinets are 38 U.  

Both the 12-level MMC and the 18-level MMC needs 18 power cell modules, 12 in Cabinet 1 and 6 in Cabinet 2. In 

addition, Cabinet 2 houses: 

o Control unit slot. It is 3U high. It contains a 24V power supply, a +/- 15V power supply, the central 

control board,  and terminal blocks. 

o Contactors and power connections slot. It has a maximum 7U high. This slot contains the following 

components: Main contactor, pre-charge contactor,and  pre-charge resistors. 

o Inductors and power connections slot. It is 8U high. It contains 6 inductors placed side by side,and 

external and internal power connections. 

o Fan slot. It has a maximum 2U high. It will place in cabinet 1, see Fig., and cabinet 2 if necessary. It has 

the fan and some internal power connections. 

Figure 23 shows the layout of the 6-level MMC cabinets. This cabinet needs space for six power cell modules. Additionally, 

the cabinet houses: 

o Control slot. This is 3U high. It has a 24V power supply, +/- 15V power supply, picoZed based control 

board, terminal blocks. Possibly the following components will be accommodated here: main contactor, 

pre-charge contactor,and pre-charge resistors. 

o Inductors, contactors and power connections slot. It has a maximum 9U high. It contains the following 

components: 6 inductors placed side by side and  external power connections. Possibly the following 

components will be accommodated here: main contactor, pre-charge contactor,and pre-charge resistors.  

o Fan slot. It has a maximum 2U high. It contains the fan. 

For the two designs, the inductors and the contactors should be mounted above the fans on brackets to allow maximum 

air flow. The size of the inductors is maximum HxWxD = 280mm x 240mm x 200mm. If the inductors are of this size, all 

six inductors, and the contactors should fit on one floor. The maximum high of this floor is 8U.The remaining high of 30U 

could be used for mounting the power cells. Each module contains three power cell boards and there is space for two 

modules in each floor. One module is inserted from the front of the cabinet and one module is inserted from the back of 

the cabinet. This restricts the depth of the power cell modules to half the net cabinet depth. There should be doors both at 

the front and the back of the cabinet to allow easy access.The height of each module is 6U.  There is, therefore, space for 

5 floors of modules if the cabinet contains inductors and contactors. In cabinets without inductors and contactors, there 

might be a space for 6 floors of modules, depending on the building height of the fan. This must not exceed 2U in order to 

be able to fit in 6 floors. 
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Figure 23 (left) Cabinet layout for the 12- and 18-level MMC (right) Cabinet layout for the 6-level MMC 
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Three or four Power Cell Boards are mounted together in a module. The number of Power Cell Boards in each module 

depends on the high of the capacitors. The solution for the module design is presented in Table 15. The board is fixed to 

an aluminum plate at all edges. The plate has a large rectangular hole. This is necessary for power connecting to the 

board. In order to make the plate stiffer, it is bent on all edges. Connections between the plate and the board near the 

heatsink reduces the mechanical forces on the board. The fifth solution is used for the final prototype.  

This solution was suggested when it was found that the cell power board was stiffer than expected and support on the 

back of the heat sinks and capacitors was not needed. Variants of Power Cell Boards with short capacitors can be stacked 

four in each module as shown in Figure 24 (right). By using short capacitors, the one with 67 mm length, and adding four 

Power Cell Boards into each module, the number of cabinets could be reduced from three to two for the 12-level full 

bridge configuration. The capacitor cost will increase because more capacitors are needed, however, the total component 

cost will be reduced. Also, the current rating of the capacitors will increase slightly and the capacitor resistance will 

decrease slightly. The mechanical components of the module could be all costume made. Alternatively, Schroff component 

is used as a basis components. It is suggested that the front, back, and side sheets are custom-made since standard 

Schroff components do not fit the requirements. The front rails, the front handles, and the slide rails should be standard 

components from Schroff. 

Figure 25 shows the 12M MMC and 6M MMC in SINTEF laboratory. 
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Figure 25 Module with three (left), and four (right) power cell boards, and no support of heat sink and capacitors 

 

 

 

Figure 24 12M MMC and 6M MMC in SINTEF laboratory. 
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5.7 High-speed link communication system 

This section describes the High-speed Link (HSL) communication system and the associated protocol developed by 

SINTEF. In general, the protocol has been designed specifically for remote control of power electronics converters. In 

particular, it has been used for establishing a high-speed link communication in the MMC. More specifically, the protocol 

has been originally used in the communication between the functional elements that controls one leg of the MMC, which is 

framed in blue in Figure 29 and the functional elements that control the switching of the individual power cell, which is 

framed in red in Figure 29. 

The logical architecture in can be implemented in several different ways: 

 One dedicated control board for each of the three leg controllers as indicated in . 

  One physical control board implementing all three leg controllers (and possibly, even the System Controller).  

 the leg in two parts (arms), and have dedicated control boards for each of the 6 arms. 

However, as far as the communication is concerned, it will be assumed that each communication link has only one Master, 

which is the device at a higher hierarchical level in the link and can have any generic number NSL of slaves, which are the 

devices at lower hierarchical level.  

The design of the protocol is following the Open Systems Interconnection model (OSI model) which is a conceptual model 

aimed to characterizes the communication functions of a telecommunication system. OSI model splits a communication 

system into layers. Following the different layer are explained in more detail: 

 Physical Layer. The physical communication link is implemented using the high-speed transceiver ports provided 

by the latest Xilinx FPGAs, capable of bit rates up to at least 5 Gbit/s. The link itself can be optical or copper-

based [1]. It is noted that the basic physical link is bidirectional (fill-duplex), but purely point-to-point. Additional 

resources are therefore required to implement more complex network topologies. 

 Data Link Layer. Point-to-point communication is based on the standard Aurora protocol, for which IP modules  

are readily available from Xilinx. Aurora is a scalable, lightweight, link-layer protocol that is used to move data 

across point-to-point serial links. It provides a transparent interface to the physical layer, allowing upper layers of 

proprietary or industry-standard protocols to easily use high-speed transceivers. While consuming minimal logic 

resources, Aurora offers low-latency, high bandwidth, and a highly configurable feature set. It is free to use on 

Xilinx FPGAs. Information is sent over Aurora link in “packets”. Each packet contains, in addition to the payload 

coming from higher protocol layers, a header and additional information used for error checking and correction 

(including optional CRC). Delimiters for the beginning and the end of each packet must also be present for a valid 

transaction to take place. 

 Network Layer. As the bidirectional physical links are point-to-point in nature, the bus topology shown in is 

implemented by daisy chaining individual units. Each unit, except for the first and the last in the chain, must have 

two different links available, i.e. two incoming ports and two outgoing ports. Figure 26 illustrates that the 

"downstream" link of a slave "i" takes packets from the previous unit in the daisy chain, either the master or 

slave "i-1", and re-transmit them towards the next slave in the chain, unit "i+1". Similarly, the "upstream" link of 

a slave "i" takes signals from the next unit in the daisy chain, i.e. slave "i+1", and re-transmit it towards the 

previous unit in the chain, i.e. either the master or slave "i+1". Each intermediate unit, besides re-transmitting 

the incoming packet, can also generate and transmit his own packet. The mechanism used to forward packets 

avoiding loss of information, collisions, and minimizing latency is described as follows. The link access mechanism 

described so far is very general and requires no assumptions about the logical role of the unit in the network 

(master or slave). Moreover, each unit can generate local messages and send them at any time, as long as 

collisions and loss of packets are avoided. One consequence of such general mechanism is that the time needed 

for a packet to reach its target destination is variable and non-deterministic, as it depends on (i) Number of units 

physically present in the daisy-chain connection between the sender and the receiver; (ii) Whether each of the 

intermediate units is busy transmitting any locally-generated packets. A non-deterministic latency is not desirable 

in power converter control, and particularly in multi-cell converters, where one unit (the logic master) is used to 

synchronize and operate multiple slaves. The link access mechanism is modified using the following rules for 

having a deterministic latency: 
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o Packets segmentation is not allowed. 

o Packets cannot be lost. All incoming packets must be forwarded, and all locally generated packets must 

be transmitted. 

o The network must contain one, and only one, Master unit. 

o The Master is always physically placed at one extreme of the daisy-chain, as shown in Figure 26. 

o The downstream link is dedicated to Master-generated messages. Slave units receiving packets on 

their incoming downstream port will immediately forward them on their outgoing downstream port (if it 

exists). They are not allowed to send any locally-generated message on their downstream port. 

o The upstream link is dedicated to Slaves-generated messages. Each slave can send its locally 

generated messages from the outgoing upstream port, as soon as such port is free. Messages from the 

incoming upstream port of each slave (coming from slaves physically placed further away from the 

master) are forwarded on the outgoing upstream link. 

The result of the link-access constraints listed above is that the communication delay in the downstream link 

becomes deterministic. Such link can, therefore, be used by the master to achieve strict synchronization between the 

units, whenever required. 

 

 

 

 

 

 

 Transport Layer and higher. SINTEF HSL protocol is based on a master-slave structure. The network must 

have a unique master and can have an arbitrary number of slaves, which is limited only by practical 

implementation constraints. All units in the network are identified by a unique 32-bit number (ID). 

o The Master has a predefined ID (MASTER_ID); 

o One ID is reserved for broadcasted messages (BROADCAST_ID); 

o The Slaves can have any ID, as long as they are unique within the network and they are different from 

MASTER_ID and BROADCAST_ID. 

The message has the format that is shown in Figure 27. The lowest layer of the HSL protocol takes the payload from 

higher layers and add a message header. ProtID  identifies the protocol in use and has a unique number. MsgID is an 

identifier used to specify the type of message. SrcID is a source identifier, i.e. this is the ID of the unit that generated the 

message.  DestID is the destination identifier, i.e. the ID of the unit the message is intended for. DataLen is the length of 

the payload field (in Bytes).  

 

 

 

 

 

Figure 26 Daisy-chain implementation of the bus 

Figure 27 HSL message format. 
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SINTEF HSL protocol is based on the industrial standard CANopen, although not all the services of the latter are 

implemented. Moreover, some services have been introduced to allow for the strict synchronization requirements of the 

targeted applications. In particular, the HSL protocol comprises the following services: 

o NMT: Network Management. The network management (NMT) protocol is based on a master-slave 

structure. Through NMT services, slave units are initialized, started, monitored, reset or stopped by the 

master. Each slave in the network has a network state attribute that can assume the values indicated in 

the NMT state machine of Error! Reference source not found.: INIT, READY, OPERATIONAL, 

BUS_FAULT.The state transitions of the slaves are generally triggered by the master by using the NMT 

commands seen in the state machine:NMT_start, NMT_stop, and NMT_reset. However, some of the NMT 

state transitions are triggered by internal events, rather than by the master. In particular, the transition 

between the INIT (the state where each node wakes up into after power-up or hardware reset) and the 

READY state takes place automatically at slave-level, without master intervention.Moreover, each slave 

can independently go into BUS_FAULT state following serious communication errors. The process is 

illustrated in Figure 28. 

 

 

 

 

 

 

 

 

 

 

o SDO: Service Data Objects. Service Data Object protocol is used to query the slave devices about any 

objects in their Object Dictionary. Only the HSL master can be SDO client, i.e. it can generate SDO 

queries. While any slave, or all of them at once in case of a broadcasted query, can be the SDO server. 

SDO protocol is of confirmed type, meaning that the server must explicitly respond to the client query, 

thus acknowledging it. 

It is not allowed for the master to send multiple queries to the same slave without waiting for acknowledging. Each query 

must be acknowledged by the intended server (or must be timed-out) before a new query can be sent to the same server. 

As a direct consequence, a broadcasted SDO query can only be sent if none of the existing slaves has pending SDO 

replies. At the moment, only basic SDO queries for reading and writing objects are provided. More complex queries can be 

added in future. 

o PDO: Process Data Objects. Time-triggered communication service used to exchange pure application 

data in real-time and to allow for strict network synchronization. Within the HSL protocol, the time-

triggered PDO protocol serves two purposes: 

1. Allow for strict synchronization between the master and all OPERATIONAL slaves; 

2. Provide a sleek mechanism, with minimum overhead and minimum real-time computational 

effort, for communicating process-critical data between master and slaves. 

Figure 28 NMT State Machine, showing global network states and transitions. 
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Unlike NMT and SDO, the PDO protocol is strictly time-triggered. The master is the time-keeper of the network and is 

responsible for global network synchronization.The PDO protocol is based on the exchange of CONTROL messages (also 

referred to as PDO messages) between the master and all the slaves that are in OPERATIONAL mod 

 

Figure 29 Hierarchical architecture of MMC 
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5.8 Software Environment 

Xlinx Vivado is the selected sofware enviroment for synthesis and analysis of Hardware description language (HDL) 

designs of the control boards. An screenshot of the Xlink Vivado is shown in Figure 30.  Xlinx Vivado has been used to 

compile control boards, perform timing analysis, etc.  The timining analysis is shown in Figure 31. 

  

 

Figure 30 Compilation of the arm board control 

Figure 31 Timing analysis of the communication of the control boards 
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 Lab-Scale MMC-based Multi-Terminal HVDC Simulation 6

For a successful operation, simulations of the expected laboratory setup are required. This section briefly describes a first 

attempt of simulating the future BestPaths MTDC setup by means of Matlab Simulink. In particular, it is worth mentioning 

that the electrical part of the simulation has been separated from the control part of the simulation, to facilitate the 

transition from pure simulation to the real-time prototyping case. The control system was provided by the project partners 

albeit in a different configuration. The new version of the control contains minor improvements as well as new structure, 

separated in to three blocks that will correspond to the three main processing units of the expected laboratory setup (Host 

computer, OPAL-RT, and FPGA). 

6.1 Simulation Layout 

The layout of the simulation is depicted in Figure 32. The electrical circuit of the three interconnected MMC terminals is 

located on the right hand side of the figure in white, whereas the control blocks are located on the left hand side. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A more detailed figure of the electrical simulation is given in Figure 33. The main difference between the terminals in 

terms of topology is the number of levels of the MMCs and the value of their respective capacitances. All of the other 

electrical parameters have been kept identical between the terminals. These differences are summarized as follows: 

 Converter A: 12-Levels, 15mF. 

 Converter B: 18-Levels, 19.8mF.  

 Converter C: 6-Levels, 7.48mF. 

 

Furthermore, the MTDC connection is done without modelling the electrical DC-side cables, and it is rather connected in a 

back-to-back configuration as the effect of the cables that will be used in the laboratory setup can be effectively 

neglected. 

Figure 32 Simulation Layout 



 

 
41 

April 2017 

Detailed specification of the demostrator 

April 2017 

Detailed specification of the demostrator 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The control blocks are illustrated in Figure 34 . The control system provided by the project partners has been restructured 

in three main blocks: 

1. Red Block: This block is intended to be executed by the host computer. It will mainly be to allow the user to 

assign and change the control references as well as for visualization. 

a. Inputs: Measurements from the MMC and voltage & current control loops. 

b. Outputs: References for the control system as well as ON/OFF logical commands for the circuit breakers 

and MMC. 

2. Purple Block: This block includes the high-level control of the MMC station and is intended to be executed in the 

OPAL-RT target. It performs the circulating and ac grid current regulation, it calculates the normalized aggregated 

insertion indexes, as well as its discretization by means of a PWM-type of or staircase modulation. 

a. Inputs: Measurements from the electrical circuit of the MMC station, the voltage at the point of common 

coupling for synchronization purposes, logical control signals and references entered by the user in the 

red block. 

Figure 33 Layout of the electrical circuit 
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b. Outputs: Six discretised and normalized insertion indexes (one for each arm), a data vector intended for 

visualization. 

3. Orange block: This block performs the balancing algorithm and is intended to be executed in the external FPGA of 

each of the six arms. 

a. Inputs:  Six normalized insertion indexes from the purple block, measurements of the MMC station. 

b. Outputs: Gate signals. 

 

In addition, a green block was included in order to compare and test the control system provided by the project partners 

with the control system that was being used internally. 

6.2 Control System Description 

Three different types of control configuration can be chosen from for each of the MMC terminals, and are detailed in the 

following lines. 

 Active and reactive power control mode: 

o Droop characteristic regulates the voltage vdc(t) between the terminals of the MMC by means of the 

active component of the ac grid current ivd(t). 

o The zero-sequence component of the circulating current icz(t) is used to regulate the zero-sequence of the 

sum of the capacitive energy w∑z(t). 

o The dq components of the circulating current are used to balance the average value of the capacitive 

energy in the six arms. 

 DC Voltage and reactive power control mode: 

o A PI regulator is used to control the zero-sequence of the sum of the capacitive energy w∑z(t) by means 

of the active component of the ac grid current ivd(t). 

o The zero-sequence of the circulating current icz(t) is being imposed by the other terminals and it is 

therefore left unregulated. 

 Island mode 

o The MMC is controlled as a fix AC source. This will be the control mode for interfacing wind-turbines. 

o No ac grid current control is implemented. 

o The zero-sequence of the circulating current icz(t) regulates the zero-sequence of the sum of the 

capacitive energy w∑z(t) to a constant reference. 

 

Figure 34 Layout of the control system for a single terminal 
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It is important to mention that a circulating current suppression control technique was added to the original control 

structure in order to mitigate the natural second order harmonic that appears in the circulating current. This was achieved 

by means of a resonant controller. 

 

6.3 Simulation Results of a Case Example  

In this section, a simulation example is presented were converter A (12-Levels, PWM) is in DC voltage controlling mode 

whereas converter B (18-Levels, Staircase) and converter C (6-Levels, PWM) are both in active power controlling mode. 

Converter B is activated at t = 0.1s with half of the nominal power as a reference, while converter C is activated at t = 

0.6s having as a reference the remaining half of the nominal power.  

In the following figures only the main state variables of each converter are depicted; i.e., the sum of the arm capacitor 

voltages vc∑(t), the circulating current ic(t) and the ac grid current iv(t). 

 

 First, the performance of these variables is given for Converter A in Figure 35. It can be seen that at both t = 0.1s and at 

t = 0.6s; i.e. when the other two converters are introduced in the system, that converter A changes the amount of 

(active) current in order to keep the average value of vc∑(t) to the previous reference. 

 

Furthermore, Figure 36 and Figure 37 show respectively the same state variables for converters B and C. It is worth 

noticing that the converter with the highest harmonic content is converter B which is also the one with the highest number 

of levels. This might seem counter-intuitive at first, yet the reason is that an 18 level MMC might still benefit from some 

PWM-type of modulation, as the staircase strategy is expected to work almost perfectly but for a much higher number of 

levels. Nonetheless, it is also possible to observe that the harmonic content even if not negligible, is not very big. 

 

 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-150

-100

-50

0

50

100

150

Time (s)

 

 

i
v
 (Amps)

i
c
 (Amps)

v
c

 (Volts)

Figure 35 State Variables of MMC-A) 12 levels – PWM-type of modulation-DC voltage control mode. vc∑ capacitor voltage 

sum by arm, ic circulating current and iv grid current. 
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Figure 36 State Variables of MMC-B) 18 levels – Staircase modulation-Active power control mode. vc∑ capacitor voltage 

sum by arm, ic circulating current and iv grid current. 

Figure 37 State Variables of MMC-B) 6 levels – PWM-type of modulation-Active power control mode. vc∑ capacitor voltage 

sum by arm, ic circulating current and iv grid current 
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 Preliminary experimental results 7

SINTEF has successfully built the 6 module (6M) MMC, the 12 module (12M) MMC, and 18 module (18M) MMC. All 

modules and the control boards for each arm have been tested individually in the 12M MMC and 18M MMC. However, the 

control to manage all 3 phases have not been tested yet. As preliminary experimental results, only a single phase of the 

18M MMC will be displayed.  

The tested set-up is shown in Figure 38. An RL load is used on the AC bus in place of an AC grid in order to simplify the 

study case. This will also greatly simplify the test set up, especially since the MMC is single phase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following table summaries the parameters in the test set-up. The rest of the parameters corresponds to 18M MMC and 

were described above. 

Parameters Value Unit 

Vdc 600 V 

Rload 3.2 Ω 

Lload 33 mH 

Ts (sampling) 200 µs 

C_mod 19.8 mF 

 

Figure 38 Test set-up of single phase 18M MMC 
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Four cases are displayed in the following screenshot: An 18M MMC using the nearest level modulation, with and without 

sorting algorithm, and an 18M MMC using the pulse width modulation, with and without sorting algorithm. 

Figure 39 shows the 18M MMC using the nearest level modulation, and Figure 40 shows the 18M MMC using the same 

modulation and in addition, a sorting algorithm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39 nearest level modulation of the 18M MMC  

Figure 40 Nearest level modulation of the 18M MMC considering a sorting scheme 
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Figure 41 shows the 18M MMC using the pulse width modulation, and Figure 42Figure 40 shows the 18M MMC using the 

same modulation and in addition, a sorting algorithm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 41 pulse width modulation of the 18M MMC 
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Figure 42 pulse width modulation of the 18M MMC considering a sorting algorithm 


