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1. Introduction  and 
specification 
summary  

This document provides a specification of the onshore AC testbench for the demonstrator. It is 
structured into several chapters, each detailing a specific aspect of the onshore test bench. The 
specification is closely related to and aligned with the onshore AC test cases for the demonstrator as 
described in [9]. 

Chapter 1, Introduction and specification summary, describes the relationship between the 
demonstrator use cases and the onshore AC specification within this document. Section 1.2 include a 
summary of the specification without background information and shall be used as reference for the 
implementation the specification.  

Chapter 2, Electrical topology of the onshore connection point, describes the electrical topology 
representing the AC substation and background AC network at the connection point of the HVDC 
converter stations of the demonstrator. It explores different configurations, including single and double 
AC source grid-equivalents, and their implications for the project. 

Chapter 3, Grid equivalents, presents the grid equivalent model for the Continental Europe system 
connection point and the Nordic system connection point. It includes Thevenin equivalent data, such as 
rated AC voltage, fundamental frequency, short circuit power, short circuit current, and X/R ratio. The 
chapter also introduces a frequency dynamic model that considers the inertia of the AC grid, which 
means the grid's frequency is affected by power flows within the grid. The model is designed to be 
simple yet effective for studying the frequency dynamics without unnecessary complications. The 
chapter provides detailed parameters and assumptions for tuning the model based on real incident data 
or generic estimations. 

Chapter 4, General HVDC converter station requirements, specifying that the applicable grid-code in 
InterOPERA is the VDE-AR-N 4131 and TenneTs associated NAR annexes [5]. The chapter describes the 
link between the grid-code requirements and the use cases. 

Chapter 5, Dynamic performance requirements and test of GFM control, specifies a modified set of 
dynamic performance criteria based on the VDE FNN and TenneT NAR B.409 reference curves and test 
of phase jump active power, inertial active power and inherent reactive power capabilities as 
qualitatively described in InterOPERA D2.2. 
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1.1  Overview of o nshore AC use cases  

The onshore AC test bench specification, including onshore grid parameters, test cases and dynamic 
performance criteria need to be well aligned with the InterOPERA demonstrator use cases specified in  
[9]. This section provides an overview of the link between the demonstrator onshore AC use cases and 
the specifications provided within this document (Task 3.3.5). 

For reference purpose Figure 1 shows the demonstrator 3 terminal topology with 2 onshore HVDC 
converter stations connected to two different AC grids. The onshore POC topologies and equivalent 
interconnection line is shown1.  

DCSS #5

DCSS #1
DCSS #2

cable #2
(350 km)

cable #3
(50 km)

DCSS #3

GND #2.1

GND #5.2

GND #1.1

GND #3.1

cable #4
(350 km)

North -West

South -West

North -East

Central

AC/DC #1

(Onshore)

AC/DC #2
(Offshore)

AC/DC #3
(Onsore

DC Switching Unit

GND #5.1

ZOHL2ZOHL1

Equivalent 400 kV 
AC lines

Synchronous 
AC grid 2

2Zg2

V�á

 
Figure 1. Demonstrator 3 terminal variant 2 (2 onshore AC stations and 1 remote-end isolated AC grid station with PPMs) 

The following use cases from the InterOPERA demonstrator use case document [9] are relevant for the 
onshore AC testbench specification. It is important to distinguish the use cases which involves grid-
following control of the onshore HVDC converters, and which use cases involve grid-forming control as 
they will have different requirements both regarding which electrical equivalent representation and 
parametrization of the onshore AC grid to be used and which dynamic performance requirements 
applies. The demonstration, and thereby also the specification is to be done in two stages, where it is 

 
1 The purpose of the equivalent AC line is to accommodate UC05-12, where the small-signal stability and 
interoperability of creating a coupling between two different onshore AC/DC converter stations is explored. 
The purpose of the equivalent line is not to test the transient response of synchronizing two asynchronous AC 
grids.  
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1.2  Specification  

Table 4 provides an overview of the specification of the onshore AC grid which impacts the onshore 
HVDC converter station specification and the overall HVDC system of the demonstrator project.  

Table 4. High level summary of requirements specified for the onshore HVDC converter stations in Task 3.3.5 

 General requirements 
 Preliminary specification (Stage 1) Final specification (Stage 2) 
Onshore AC grid 
topology 

Option 3 and its associated electrical 
parameters as described in Subsection 
2.3 shall be applied for representation 
of the onshore AC connection points 
in the demonstrator 
 

Same as Stage 1 
 

Thevenin 
equivalent 
parameters  

AC grids shall use the Thevenin 
equivalent parameters presented in 
Section 3.1 Table 8 to represent a 
Continental Europe synchronous area 
connection point4.  
 
The minimum short-circuit level for 
GFL can be used as design basis in 
Stage 1. 

Same as Stage 1, but using the 
specified minimum level for GFM 
converter stations. 
 

Equivalent AC line 
between onshore 
grid areas 

Not required The equivalent AC line parameters 
specified in Section 2.5 shall be used 
for UC05-12 as per [9]. 

Frequency 
dependent grid 
representation 

Not required The Nordic frequency dependent grid 
model and parameters presented in 
Section 3.4 shall be used as design 
basis as it represents the lowest inertia 
level. 
 
Note that as part of the GFM use cases 
(UC05-01, UC05-02, UC05-03, UC05-04 
and UC05-12), the Continental Europe 
frequency dependent model is to be 
tested which represents a higher inertia 
level. 

General grid code 
compliance 

The onshore HVDC converter stations 
shall be compliant to the German 
implementation of the NC HVDC, 
referenced as VDE-4131, with further 
detailing as specified under TenneT 
NAR Annex B.300.  
 

Same as Stage 1 

 
4 To avoid that the AC/DC converters have to be designed for more than one AC connection point it is decided 
to use the Continental Europe Thevenin equivalent parameters for design basis. This is also decided to enable 
rotation of the different AC/DC converter OEMs for interoperability testing in the demonstrator. 
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Withstand 
requirements for 
GFM control 

Not required The GFM HVDC converter stations shall 
be capable of withstanding the 
conditions and test cases described in 
Section 5.9 

Dynamic 
performance 
requirements for 
GFM control 

Not required The dynamic performance criteria and 
test cases specified in Chapter 5 shall 
be followed in the GFM use cases as 
specified.  
 

 Use case specific requirements 
UC05-01: FRT and 
PFAPR 

Required (See details in Section 4.4) Required. Same requirements Stage 1 

UC05-02: Inherent 
reactive power 
capability and 
voltage control 

Not required Required (See Section 4.4 and Chapter 
5) 

UC05-03: Phase 
jump active power 
and inertial active 
power 

Not required Required (See Section 4.4 and Chapter 
5) 

UC05-04: Phase 
jump active power 
and inertial active 
power with 
support from 
remote-end WTGs 

Not required Optional 
(See Section 4.4 and Chapter 5 for 
onshore HVDC converter station 
requirements). 

UC05-12: Parallel 
operation of GFM 
converters 

Not required Required, but no performance 
requirements. 

 

1.3  Implementation of grid models and measurement 
methods in the demonstrator  

The laboratories  will be responsible for implementing the onshore AC network representation for the 
demonstrator in offline and real-time environments according to the specification in Chapter 2 and 
Chapter 3 with the calculation methods for measurements as specified in Section 5.2.  
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2. Electrical topology  
of the onshore 
connection point  

This section describes the electrical topology representing the AC substation and background AC 
network in the connection point of the HVDC converter stations of the demonstrator.  

In some bi-pole HVDC VSC projects the two converter units encompassing 2 GW bi-pole converter 
station are directly coupled in the same AC substation, and has equivalent connection to AC 
transmission lines going in and out of the substation. In other bi-pole HVDC VSC projects the two 
converter are electrically separated in the AC substation and connects to different AC transmission lines 
going out of the AC substation and connects to separate areas of the AC network. In this latter case the 
two converter units are considered weakly coupled through a longer electrical distance. 

The following Section 2.1 and Section 2.2 describes these two options considered for the InterOPERA 
demonstrator. 

2.1  Option 1:  Single AC source grid -equivalent with AC  
coupled bi -pole converter units  

Note that the following grid representation  (Option 1) is NOT the required for the InterOPERA 
demonstration.  It is included here for documentation purposes to reflect the decision process. In 
Section 1.2 it is stated that Option 3 is the required grid representation. 

Figure 5 show the considered Option 1 for representation of the onshore grid in the POC of the converter 
station. 

In Option 1 there is one Thevenin equivalent AC source to represent the AC network. The two converter 
units of the converter station is in split bus configuration in normal operation, as indicated by the open 
switching units (empty boxes). The equivalent line parameters Zeq.line1 and Zeq.line2 can be either equal or 
or different in magnitude. The purpose of making them different would be to represent a situation 
where the two converter units are connected to the background AC network via different AC 
transmission lines, resulting in a different short-circuit level at each converter unit. 

The impedances can be set to zero to represent a case where the two converter units of the converter 
station are directly coupled, as it the case in some bi-pole HVDC projects. 

Zeq.line3 is normally disconnected but can be utilized to simulate a phase jump or SCL disturbance at the 
converter unit level. 

The single Thevenin source representation simplifies the implementation of the more advanced 
electromechanical grid-equivalent. 
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coupling emulation through Zcoupling, this coupling impedance can also be used to emulate interactive 
behaviours between the converter poles dictated by how far apart they can be seen from the system. 
However, this option depending on the study case requires a skilled engineer to be aware. For example, 
if line 1 is disconnected, then, Zcoupling should be set to a very large value (effectively decoupling both 
converter poles) or removed completely. Furthermore, this option being a more complex representation 
requires more parameters and an implicit fine-tuning process to find the most representative 
parameters, which may take time. 

In a situation where the equivalent line is connected to represent an interconnection between the two 
onshore HVDC converter stations, the AC switching unit between the two converter units (bus coupler) is 
to be closed such that both converter units are electrically connected to the other onshore converter 
station.  

Due to the double Thevenin equivalent representation it is more complex to integrate the 
electromechanical addon model due to the risk of oscillations between the two sources.  

x.y P1

x.y R1

x.y R2

x.y P2

PoC-DC
_._  _ _

~

=

=

Onshore AC/DC 
Converter Station

PoC-AC
_._  _ _

AC 
Switching Unit

~

~

=

=

Grounding
Unit

~

~

Synchronous 
AC grid 2

2Zg2V�á

 
Figure 6. Electrical topology Option 2 of the synchronous AC grid 

2.3  Option 3: Single AC source grid -equivalent with 
normally weak coupling between bi -pole converter 
units  

As stated in Section 1.2 the following grid  representation is the required for the InterOPERA 
demonstration.  

Figure 7 show the proposed Option 3 topology of the onshore AC grid equivalent. Option 3 is a 
compromise between Option 1 and Option 2.  

Option 3 contains a single AC source representation for simplicity regarding adding electromechanical 
dynamics. In the normal operation the HVDC converter station is connected in a split-bus configuration 
with different impedances Zeq.line1 and Zeq.line2. The source impedance Zg is divided into two parallel 
connected impedances, such that in normal operation the HVDC converter units are electrically coupled 
through these impedances.  
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The effective short circuit level (SCL) at the terminals of each HVDC converter units will be lower than 
the specified value of the Thevenin source due to the impedances Zeq.line1 and Zeq.line2 respectively. 

There is an optional parallel connecting impedance, Zcoupling, to enable a closer electrical coupling 
between the two converter units. 

This coupling impedance, Zcoupling, should also be connected in the event where the connection to the 
other AC area is tested.  

Zd is used for making step changes in the short circuit power in the connection point. 

Synchronous 
AC grid 2

2Zg2

V�á

 
Figure 7. Electrical topology Option 3 of the synchronous AC grid 

2.4  Interconnection and AC coupling between onshore 
converter stations  

The base case for the demonstrator is that the two onshore AC systems are electrically decoupled and 
can be considered as two different synchronous areas. 

However, in order to investigate the interaction issues that may arise, it is decided to implement an 
optional interconnection between two different onshore AC systems. Figure 8 show the proposed 
topology for the electrical interconnection between the two areas. It is proposed to base the impedances 
on equivalent 400 kV overhead lines, with the possibility to have two different kinds of electrical 
coupling between AC grid 1 and AC grid 2 by changing between ZOHL1 and ZOHL2. 

It is proposed that ZOHL1 represents a relatively long equivalent electrical distance of 250 km as the base 
case, while ZOHL2 represents a short electrical distance of just 50 km equivalent electrical distance. 
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Figure 8. Optional interconnection between synchronous AC grid 1 and synchronous AC grid 2 

To determine the maximum length of the equivalent 400 kV line between AC grid 1 and AC grid 2 a 
power flow calculation is done. The objective of the power flow calculation is to approximate the 
maximum possible electrical distance without violating the steady state stability limit of 90° power angle 
difference between AC grid 1 and AC grid 2. Two sets of calculation is done, one with a power flow of 
1000 MW and another with a power flows of 2000 MW between AC grid 1 and AC grid 2. These values are 
selected as they would represent the unbalance created between AC grid 1 and AC grid 2 in case of 
either an HVDC converter unit trip (1000 MW) or a full HVDC converter station trip (2000 MW). The 
results of the power flow calculation are shown in Figure 9. The results show that in order to ensure a 
proper margin to the 90° steady state stability limit the electrical distance between AC grid 1 and AC grid 
2 should not exceed approximately 250 km of equivalent 400 kV overhead line in order to handle a power 
flow of 2000 MW between the two areas.  

 
Figure 9. Relationship between the length of the equivalent 400 kV line and the power angle between Area 1 and Area 2 at 
1000 MW and 2000 MW power flows. 
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Figure 10. Initially proposed model structure 

Large d isturbances in the Nordic synchronous area  

There are several recorded disturbances that can be used to validate a simulation model. These are 
typically cases where there is a sudden outage of a large generator or loss of import on HVDC links from a 
neighbouring synchronous area. 

We have chosen one example that clearly show the frequency dynamics. This is a case where the sudden 
disconnection of a large power plant resulted in a loss of approximately 1200 MW. See Figure 11 and 
Figure 12. 

Figure 11 shows frequency and two power flow measurements over a 3-minute period. By inspecting the 
frequency drop after the first main swing due to activation of Frequency containment reserves (FCR), it is 
possible to estimate the frequency bias, which can be used as an initial value for the system frequency 
droop.   

Figure 12 zooms in on the frequency and power flow measurements. From this we can make a rough 
estimate the total inertia of the Nordic system. 

 
Figure 11. Four frequency and two power flow measurements over a 3-minute period. 
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Figure 17 Eleclink trip: PMU measured frequency on the French grid 

 
Figure 18 Simulated frequency response of the low order model following a active power step of 0.565 (1130 MW/2000 MW) 

 

Modelling and simulations  for parameterization  

This section presents the grid equivalent model consisting of the frequency dynamics. Such a model 
considers the inertia of the AC grid which means the frequency of the grid is affected by the power flows 
of the same grid. For this study, a model with low-order system frequency shown in Figure 19 is 
sufficient [Ref-1]6. To prevent unnecessary complications, the system defense plan (SPD) related 
functionalities are not included. 

 
6 [Ref-1]: Anderson, P.M. and Mirheydar, M., 1990. A low-order system frequency response model. IEEE 
transactions on power systems, 5(3), pp.720-729. 
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Continental Europe synchronous area representation  

 
Figure 27. Continental Europe area frequency dependent model for the InterOPERA demo project. 

Variable Pe: Represents electrical power measured at the source terminal, and positive direction is into 
the HVDC converter AC terminals. 

 

Table 14. Parameters for the Continental Europe frequency dependent model. The inertia constant and p.u. values are 
calculated on a 2000 MVA power base. 

 Parameter value 
H 240 s 
FH 0.3 
D 0 
Km 1 
R 5.3e-4 pu 
TR 12 s 
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4. General HVDC  
converter station 
requirements  

Regarding the technical requirements to the HVDC 
converter stations of the HVDC system in the AC 
connection points the InterOPERA demonstrator 
HVDC system shall be compliant with the European 
network code for HVDC systems, Commission 
Regulation (EU) 2016/144, also referred to as NC 
HVDC [1]. However, several paragraphs of the NC 
HVDC are so called non-exhaustive, meaning that the 
detailed specification of the requirement is open to 
each member state of European Commission. Thus, in 
order to achieve a NC HVDC compliant InterOPERA 
demonstrator the details of the technical 
requirements must be exhausted. 
As the primary purpose of InterOPERA is to develop 
multi-terminal multi-vendor capabilities of HVDC 
systems the main technical focus is on the 
requirements in the DC connection points of the 
system, and not to revise the typical functionalities 
towards the AC connection points. Thus, it is 
proposed to adopt the exhaustive requirements to be 
stipulated under the NC HVDC from existing 
approved requirements from one of the member 
states.  
Due to maturity, detail level and public available it is 
decided to propose TenneT TSO GmbH 
Netzanschlussregeln Hoch- und Höchstspannung 
(NAR) [2], which is a detailed specification under the 
VDE-AR-N 4131 [3], which is the German national 
implementation of the NC HVDC.   
The relationship and hierarchy between the 
requirements under the NC HVDC is shown Figure 28. 

Network Code HVDC Commission 
Regulation (EU) 2016/144

German national implementation
VDE-AR-N 4131

TenneT TSO GmbH implementation
Netzanschlussregeln Hoch- und 

Höchstspannung (NAR)

TenneT NAR Annex B, D

 
Figure 28. Applicable grid-code hierachy for InterOPERA 

demonstrator HVDC system 
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4.1  AC frequency range  

The AC voltage range is specified in VDE-AR-N 4131 [3] and is shown in Table 15. 

Table 15. AC frequency range as per VDE-AR-N 4131 

Frequency range Minimum time periods for operation 
47.0 Hz to 47.5 Hz > 60 s 
47.5 Hz to 49.0 Hz > 90 min 
49.0 Hz to 51.0 Hz Unlimited 
51.0 Hz to 51.5 Hz > 90 min 
51.5 Hz to 52.0 Hz > 15 min 

 

4.2  AC voltage range  

The AC voltage range is specified in VDE-AR-N 4131 [3] and is shown in Table 16. 

Table 16. AC voltage range as per VDE-AR-N 4131 

Nominal network voltage (kV) Voltage range (kV) Minimum time period for 
operation 

380 340 to 420  Unlimited 
380 420 to 440 60 min 

 

4.3  Reactive power capability  

The reactive power capabilities are specified in TenneT NAR Annex B.403, as shown in Figure 29, which 
corresponds to Variant 2 in VDE-AR-N 4131.  

 
Figure 29. Reactive power capability as required in TenneT NAR Annex B.403 corresponding to Variant 2 in VDE-AR-N 4131. 
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UC05-12 Exploration of HVDC system stability and interoperability with 
interconnected AC areas  

No performance requirements enforced.  

Test cases: 

Steady-state analysis: 

1. Initialization of steady-state conditions 
2. Change power flow from Area 1 to Area 2 
3. Detection of any oscillations in active power and/or voltage in the combined (interconnected) 

onshore AC system 
4. If oscillations identified: Apply small-signal analysis 

Large-signal stability analysis: 

(pre-condition: The system is steady-state stable in pre-fault and post-fault conditions (see small-signal 
stability analysis step)). 

1. Three phase to ground fault at the connection point of the HVDC converter station: Fault 
duration: 150 ms, residual voltage: 0.1 p.u. 

2. Spontaneous (no fault) trip of 
a. Singe HVDC converter unit (1 pole) 
b. Full HVDC converter station (both poles) 
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5. Dynamic 
performance 
requirements and 
test of  GFM control  

InterOPERA Deliverable D2.2 [6] formulated functional requirements for grid forming control for HVDC 
converter stations and DC connected PPM. Here, the 5 core mandatory functions shown in Table 17 of 
GFM converters where specified. 

However, as also stated and discussed in [6] one of the remaining gaps is to specify detailed dynamic 
performance criteria associated with the core grid forming functionalities.  

The challenge highlighted is the high dependency between grid-forming dynamic performance and the 
grid-characteristics in the specific connection point of the grid-forming converter. Grid strength and 
associated characteristics highly influence the behaviour of the grid forming converter. Thus, it is 
difficult to harmonize towards a set of quantified set of dynamic performance requirements which suits 
a wide range of grid conditions.  

Chapter 5 of InterOPERA D2.2 provides preliminary suggestions for dynamic performance criteria and 
evaluation methods to be considered for the InterOPERA demonstration. However, there is a need for 
further detailing. 

Table 17. Grid-forming functionalities specified in InterOPERA D2.2  [6]. 

 MANDATORY FUNCTIONS OPTIONAL*  FUNCTIONS  WITHSTAND CAPABILITIES  
1 Self-synchronization Black start Maximum step change of 

SCR at POC 
2 Phase jump active power  Sink for voltage unbalances Maximum phase jump 
3 Inertial active power Sink for harmonics Maximum RoCoF 
4 Inherent reactive power  Temporary islanding of PPMs 
5 Positive damping power   

 

For the purpose of providing dynamic performance requirements for the core grid-forming 
functionalities specified in [6] for the InterOPERA demonstration of grid-forming capabilities it is 
suggested to take the basis of the VDE FNN guideline: Grid forming behaviour of HVDC systems and DC-
connected PPMs [4]  and the TenneT NAR Annex B4.09 Grid forming control study [5]. 

The input process of formulating detailed specifications for dynamic performance criteria for the grid-
forming control demonstration in InterOPERA is shown in Figure 30. 
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The main framework is the consolidated functionalities defined in D2.2, whereas the evaluation criteria 
are inspired by the VDE FNN guideline and TenneT NAR Annex B.409. 

InterOPERA D2.2 functional 
requirements for grid-forming 

control

T3.3 
InterOPERA dynamic performance criteria for grid-forming control

TenneT NAR Annex B.409
Grid forming control 

study

VDE FNN Guideline
Grid forming behaviour 

of HVDC systems and DC-
connected PPMs

 
Figure 30. Process of formulating detailed specifications for dynamic performance criteria for grid-forming control in 

InterOPERA 

5.1  Test system  

The test system shall use the electrical topology Option 3 as specified in Chapter 2 with the grid 
equivalent data specified in Chapter 3 for representation of the Continental Europe and Nordic grid 
systems respectively. 

Regarding representation of the DC side the test system shall include either 

1. A full representation of the DC grid and all DC sources in the grid, or 
2. A validated DC grid equivalent 

As specified in Section 7.3 of TenneT NAR B.409 [5], the test setup must have a fault impedance which 
can be switched in for testing purposes.  

Table 18. Test setup integration into InterOPERA onshore AC grid topology. 

TenneT NAR B.409 InterOPERA grid equivalent 
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5.2  Calculation method for evaluation  

For the verification procedure, the connectee shall use the following calculation method for evaluating 
the electrical quantities at the connection point.  

Informative: The method described below is used exclusively for ensuring the comparability of post-
processed signal in conformity verification. It does not specify how PLL and signal evaluation in the 
converter controls shall be implemented.  

Based on the instantaneous values of the phase voltages (vAC,a, vAC,b, vAC,c) and currents (iAC,a, 
iAC,b, iAC,c) the calculation method defined in [7] shall be used for getting the positive and negative 
sequence quantities.  

Active and reactive power (for positive and negative sequence), active and reactive current (for positive 
and negative sequence) and rms values of the phase-to-phase voltage (for positive and negative 
sequence of the fundamental wave) shall be calculated based on this method.  

For the calculation of the Fourier coefficients in line with [7], a nominal window width of 20 ms and a 
sufficiently accurate nominal sampling time shall be assumed.  

To be able to use the method according to [7] also for scenarios with time-variable grid frequency, a 
combination of a Digital Fourier Transformation (DFT) and a Phase Locked Loop (PLL) shall be used (see 
[8])12.  

Informative: The combination of DFT and PLL ensures that the sampling time of the evaluation 
algorithm is adjusted as a function of the network frequency. This is illustrated in Figure 31.  

The PLL shall be designed such, that the combination of DFT and PLL has a time constant of 200 ms for 
a frequency step (time until output signal reaches 63.2 % of the final value). 

 

 
Figure 31. Principle of signal post processing in accordance with IEC 

 

 

 
12 The InterOPERA laboratories shall implement the measurement component for both online and offline 
simulations with proper functionalities (e.g. allow to start from a snapshot in PSCAD). 
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