
energies

Article

Investigating the Converter-Driven Stability of an Offshore
HVDC System

Matthias Quester 1,∗ , Fisnik Loku 1 , Otmane El Azzati 1 , Leonel Noris 2, Yongtao Yang 2 and Albert Moser 1

����������
�������

Citation: Quester, M.; Loku, F.;

El Azzati, O.; Noris, L.; Yang, Y.;

Moser, A. Investigating the

Converter-Driven Stability of an

Offshore HVDC System. Energies

2021, 14, 2341. https://doi.org/

10.3390/en14082341

Academic Editor: Gilney Damm

Received: 23 February 2021

Accepted: 18 April 2021

Published: 20 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of High Voltage Equipment and Grids, Digitalization and Energy Economics, RWTH Aachen
University, Templergraben 55, 52062 Aachen, Germany; f.loku@iaew.rwth-aachen.de (F.L.);
otmane.el@rwth-aachen.de (O.E.A.); info@iaew.rwth-aachen.de (A.M.)

2 DNV, Arnhem Utrechtseweg 310, 6812 AR Arnhem, The Netherlands; leonel.noris@dnvgl.com (L.N.);
Yongtao.Yang@dnvgl.com (Y.Y.)

* Correspondence: matthias.quester@rwth-aachen.de; Tel.: +49-241-8097691

Abstract: Offshore wind farms are increasingly built in the North Sea and the number of HVDC
systems transmitting the wind power to shore increases as well. To connect offshore wind farms to
adjacent AC transmission systems, onshore and offshore modular multilevel converters transform
the transmitted power from AC to DC and vice versa. Additionally, modern wind farms mainly
use wind turbines connected to the offshore point of common coupling via voltage source con-
verters. However, converters and their control systems can cause unwanted interactions, referred
to as converter-driven stability problems. The resulting instabilities can be predicted by applying
an impedance-based analysis in the frequency domain. Considering that the converter models and
system data are often confidential and cannot be exchanged in real systems, this paper proposes
an enhanced impedance measurement method suitable for black-box applications to investigate
the interactions. A frequency response analysis identifies coupling currents depending on the control
system. The currents are subsequently added to the impedance models to achieve higher accuracy.
The proposed method is applied to assess an offshore HVDC system’s converter-driven stability,
using impedance measurements of laboratory converters and a wind turbine converter controller
replica. The results show that the onshore modular multilevel converter interacts with AC grids of
moderate short-circuit ratios. However, no interactions are identified between the offshore converter
and the connected wind farm.

Keywords: converter-driven stability; HVDC; offshore; MMC; converter; replica; impedance-based
stability analysis; interactions

1. Introduction

With the increasing number of High-Voltage Direct Current (HVDC) links integrated
into the Alternating Current (AC) transmission system and converters, power electron-
ics relying on complex control systems play a more dominant role in system stability.
In particular, remote offshore wind farms are connected by high-voltage cables and rely on
HVDC technology due to the high reactive power demand of AC-based systems. Addition-
ally, modern wind farms utilize mainly fully-scaled Voltage Source Converters (VSCs) for
the offshore grid connection. VSC and state-of-the-art HVDC converters, such as Modular
Multilevel Converters (MMCs), have response times that are significantly faster compared
to traditional power system components [1]. Several interactions of converters with the con-
nected AC system or other converters have been reported. For instance, in 2014, the offshore
wind farm Bard Offshore 1 had to be shut down due to high oscillations in the grid cur-
rent and voltage at frequencies other than the grid frequency of 50 Hz [2]. In addition,
the 2015-commissioned HVDC INELFE system connecting Spain and France experienced
resonances between the HVDC system and the AC grid [3,4]. Furthermore, unexpected
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oscillations were observed in a weak part of the China Southern Grid’s transmission system
after a Static Synchronous Compensator (STATCOM) was put into operation [5].

Consequently, electromagnetic phenomena need to be considered for assessing the sta-
bility of modern power systems. Hence, the classical power system stability classifica-
tion was extended to consider the impact of power electronic interfaced technologies [6].
Whereas this interaction phenomenon is often referred to in the literature as harmonic
stability [7,8], the updated stability definition classifies the aforementioned interaction
incidents as converter-driven stability with fast interactions [6]. Converter-driven instabili-
ties are mainly caused by the converters’ control system that interacts with the AC grid
impedance [6,9]. However, disclosing manufacturer-specific converter control systems
is highly improbable due to intellectual property concerns [10], making it challenging to
model the converters’ real frequency behavior. In addition, Transmission System Operators
(TSOs) are unlikely to share details of their grid models with other parties.

Several methods and approaches exist to investigate converter-driven stability. For ex-
ample, eigenvalue analyses have the advantage that they can assess stability globally for
an entire system. Additionally, participation factors provide additional information about
controllers and parameters affecting system stability [11]. However, this requires a state-
space model of the entire system, including linearized component models. Therefore,
state-space modeling is not applicable when detailed information of the components is
not provided. A promising method to investigate converter-driven stability problems is
the Impedance-based Stability Criterion (IbSC) that models a system as two subsystems
with frequency-dependent impedances and uses classical control theory to assess the sta-
bility in the frequency domain [12,13]. The IbSC allows for a direct and straightforward
stability assessment. By providing Phase Margins (PMs), it indicates how close a sys-
tem is to instability [7,14]. It can also be consecutively applied to assess the stability of
large-scale systems by defining different interfaces and subsystems [15]. Moreover, due
to short computation times, numerous scenarios can be investigated, which would not be
possible when using Electromagnetic Transient (EMT) simulations [7,14]. The IbSC requires
frequency-dependent impedance models of the system components, which can be derived
analytically using small-signal linearization techniques [16–18] or numerically on the basis
of EMT simulations or measurements using frequency sweep techniques [19,20].

In the literature, stability analyses often utilize analytical impedance models derived
based on a white-box approach that implies that the converter structure and the control
system’s block diagrams are known [14,21–23]. This approach offers excellent insight into
the cause of interactions and can be used to investigate the impact of specific controllers and
parameters on stability [24]. However, it does not allow for stability analyses of black-boxed
systems and is not applicable for industrial applications. Moreover, analytical models are
often based on a simplified electrical structure of converters so that the real frequency
behavior of components might not be considered [11,25,26]. In addition, the models often
neglect control loops, assuming that they are not relevant [16]. To deal with the three-phase
nature of the transmission system, authors advocate modeling the impedances in the dq-
domain [27,28]. Couplings between phases and frequencies are included in the models
using a 2 × 2 impedance matrix. The authors demonstrate that neglecting the coupling can
result in false stability predictions [28,29]. However, approaches that rely on impedance
representations in the dq-domain require the definition of a common reference angle θ for
the dq-domain transformation [30–32]. Thus, this approach makes it challenging to use
different entities’ impedance models (e.g., converter manufacturer and TSO). They would
have to align their models on a reference angle which is not applicable for industrial studies.

As a result, utilized approaches are not aimed at investigating real and industrial
systems. They cannot be applied to black-boxed systems such as converter controller
replicas, representing the frequency behavior of industrial control systems. Thus, this paper
presents an approach to assess the stability of a system, where no detailed information of
a converter control system is provided and where the system’s models (e.g., converter and
grid impedance) are provided by different entities. The approach builds upon a frequency-
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sweep approach to assess the converter-driven stability [33,34]. Not requiring full-system
knowledge, this approach makes it possible to employ impedance models of a black-boxed
system such as a converter controller replica or measurement-based models of physical
laboratory converters. Additionally, models can be provided by different entities for
the stability assessment. For instance, a converter manufacturer can provide the impedance
model to a TSO. The TSO is then able to investigate the converter-driven stability using
their grid impedance model. In this paper, the proposed impedance derivation method
in [33,34] is extended to include additional coupling currents resulting from the frequency
sweep measurements. To determine these additional coupling currents, the spectrum of
physical MMC is analyzed using a laboratory system—here referred to as the MMC Test
Bench (TB). The derived MMC impedances are used to investigate the stability of an MMC
in grid-following control mode and the adjacent AC system, representing the onshore
side of an HVDC link. The AC grid impedance is calculated analytically with respect to
different Short-Circuit Ratios (SCRs). On the offshore side, the stability of a wind farm
and the offshore MMC operating in grid-forming control mode is investigated utilizing
the impedance measurement of an offshore Wind Turbine (WT) VSC controller replica.
Therefore, this paper contributes to the evaluation of converter-driven stability under
realistic conditions by evaluating the stability of an offshore HVDC system, employing
laboratory converters and converter control replica systems for the analysis.

The paper is structured as follows: First, the IbSC is presented, and an overview of
the impedance derivation approach is given. The IbSC is validated by comparing the stabil-
ity predictions to the results of an EMT time-domain simulation. Subsequently, Section 3
demonstrates the extended frequency-sweep approach and shows how the additional
measurements are incorporated in the impedance models. Section 4 presents the Control
Hardware in the Loop (CHiL) TB setup for the WT VSC controller replica impedance
measurement. Based on the derived impedance models, the following stability analy-
sis in Section 5 presents and discusses the results of the onshore and offshore test case.
Concluding the paper, the main findings are given in Section 6.

2. Impedance-Based Stability Assessment
2.1. Impedance-Based Stability Criterion

Initially developed for the design of input filters of converters [12,35], the IbSC
is a widely used method to assess converter-driven stability in the frequency domain.
Because this method avoids time-consuming EMT simulations, it facilitates the analysis of
numerous test cases [7,14]. Assuming that a system can be divided into two separate sub-
systems, the stability can be assessed by classical control theory tools, such as the Nyquist
criterion or Bode plots analyzing the loop gain of the system. Figure 1 shows the equivalent
circuit diagram of a system divided into two subsystems representing a converter and
an AC grid, aiming to assess interactions between the subsystems’ impedances.

Figure 1. Equivalent circuit diagram of investigated system.
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The frequency behavior of the subsystems is modeled by the respective admittance
YC(jω) and impedance ZG(jω) with ω = 2π. Deriving the current to

IG(jω) = IC(jω)
1

1 + YC(jω)ZG(jω)
−Ug(jω)

YC(jω)

1 + YC(jω)ZG(jω)
, (1)

which can be rearranged to

IG(jω) = [IC(jω)−Ug(jω) ·YC(jω)] · 1
1 + YC(jω) · ZG(jω)

(2)

shows that the system resembles that of a negative feedback loop system, as shown
in Figure 2.

Figure 2. Equivalent circuit diagram represented as feedback loop.

As a result, the feedback loop gain YC(jω)ZG(jω) can be evaluated by the simplified
Nyquist criterion to determine the stability of the overall system. Assuming an open-loop
stable system that does not contain any right-half plane poles, the system’s stability can
be graphically assessed. This assumption implies that both subsystems’ impedances
and admittances need to be individually stable. This means that the subsystem with
the admittance YC is stable if it can operate in ideal grid conditions (infinite short-circuit
power) and that the subsystem with the impedance ZG is stable in no-load conditions [13].
These conditions are typically fulfilled, since a converter should be able to operate stably
in ideal conditions, and the AC grid should be stable when not connected to the converter.
In addition to the Nyquist plot, a Bode plot analysis offers a more intuitive stability
assessment. By calculating the phase difference of YC(jω) and ZG(jω) at the magnitude
intersection frequencies, the PM can be determined showing how close the system is
to instability. However, considering only the PM for stability assessments can lead to
false stability predictions in certain situations when the slope of the impedance phase is
not evaluated [36]. As a result, additional magnitude and phase conditions should be
considered [36] if the results are not verified by additional Nyquist plots.

2.2. Impedance Model Derivation

Using the IbSC to assess converter-driven stability requires the derivation of impedance
models that represent the frequency behavior of the investigated components and systems.
Impedance models are typically derived in the dq-domain [7,29] or in positive and negative
sequence [37,38]. As pointed out in Section 1, dq-domain impedances require the defi-
nition of a reference angle for the dq-transformation. This means that both subsystems’
impedances have to be aligned on a common angle, typically the grid voltage angle, θ.
This contradicts the objective of this work, that the impedance models can be derived inde-
pendently and exchanged between two different parties without prior harmonization [31].
However, sequence-domain impedance models do not inherently consider couplings be-
tween frequencies [28]. Thus, in this work, impedances are derived in the sequence domain
that allows for separate positive- and negative-sequence impedance models [37]. To deter-
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mine the impact of couplings, the frequency spectrum is evaluated for potential coupling
frequencies that affect the impedances [39].

Impedance models of active components such as MMC can be derived analytically
by deriving transfer functions based on the electrical model and the block diagrams of
the converter control system [22,24,26]. While this approach offers insight into the causes
and dependencies of different controllers and parameters on the system stability, it requires
full knowledge of the converter and its control system. Therefore, analytically-derived
impedances cannot be derived when investigating the frequency behavior of black-boxed
manufacturer converters such as converter controller replica systems. Thus, a numerical
impedance derivation method is developed in [33] and applied to laboratory MMC in [34].
The method can be applied without having access to the control system of the converters.
Figure 3 gives an overview of the developed method. The user can define the Measurement
Parameters (MPs), MPpert, and MPf , that parameterize a measurement series.

Figure 3. Impedance measuring method overview.

The method is separated into the test circuit and the part processing the input and
output signals. A Device Under Test (DUT), such as the MMC, is connected to a grid
circuit that sets the required operating points for the DUT by providing a grid voltage or
current. When deriving the converter impedance, the grid impedance is set to virtually
zero so that it does not influence the measurements. The grid impedance is calculated
independently using an analytical formula as in (3). Additionally, it can also be measured
on the basis of an EMT time-domain model. Figure 4 shows the circuit diagram for deriving
the MMCs’ impedances. While measuring the impedance of MMC 1, MMC 2 ensures
a stable operation on the Direct Current (DC) side by controlling either the DC voltage or
the power flow [34]. Depending on the operation mode, the perturbation source consecu-
tively injects additional small-signal voltages or currents at a frequency fpert. The frequency
generator provides the frequency series and additional MPs defined by the user. Prior
experiments have shown that a magnitude of 5 % of the grid voltage or current is a good
trade-off for having a perturbation signal that is large enough to be measured but also
small enough to not disturb the operation of the converter. The DUT is subjected first to
a positive- and then negative-sequence voltage or current in two separate measurement
series. The measured voltage Umeas(t) and current Imeas(t) are simultaneously evaluated
for the frequencies feval(t) by the signal processor to determine the magnitudes |U( f (t))|
and |I( f (t))| and the phase angles ∠U( f (t)) and ∠I( f (t)) at f = feval . The evaluated
frequencies comprise the applied perturbation frequency fpert. Nonetheless, additional
frequencies can also be evaluated. The impedance calculator then applies a sequence
transformation on the frequency-domain signals. When the system is perturbed in positive
sequence, the positive-sequence components of the signals determine the positive-sequence
impedance. Likewise, the negative sequence signals determine the negative-sequence
impedance for the negative-sequence perturbation. The impedance |Z( f (t))|∠Z( f (t)) is
determined online during the measurements and is therefore time-dependent [33]. The final
frequency-dependent impedance |ZDUT( f )|∠ZDUT( f ) is calculated by taking the average
of each time period in which a single perturbation frequency is applied. For this work,
the frequency-sweep developed in [33,34] is enhanced by implementing the frequency
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generator and signal processor on a Field Programmable Gate Array (FPGA), facilitating
a time step in the nanosecond range.

Figure 4. Circuit diagram of the MMC impedance derivation setup.

In the case of high-voltage components, a more complex test circuit needs to be used.
For this purpose, a Power Hardware in the Loop (PHiL) test-setup has been built to measure
the impedances of converters in the range of several MW. Additional step-up transformers
connect a converter with the 10.5 kV medium voltage grid and a 1.32 MW DC supply
directly feeds the DC-link of the DUT [40,41]. For the MW test circuit, a current source
perturbation is preferable because a voltage perturbation source would need to absorb
all of the current which is injected by the DUT into the test circuit. Thus, a perturbation
current is always applied by the power amplifier. However, it is challenging to achieve
a sufficiently high bandwidth for a MW-level test circuit, because the power amplifier
bandwidth is typically inversely proportional to its rating [41].

2.3. Validation

The impedance-based stability analysis and the impedance derivation method are
validated by deriving the impedance of a simulated EMT time-domain MMC model.
The stability is assessed for different AC grid impedances with varying short-circuit power
SSC,G. Simulating the same system and scenarios in the time-domain verifies the frequency-
domain results. Figure 5 shows the system used for the validation. The parameters of
the simulated MMC model are given in Table 1.

Figure 5. MMC connected to AC grid.
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Table 1. Simulated MMC model parameters.

Parameter Variable Value

Converter power Pn,MMC 1200 MW
DC voltage UDC,n 640 kV
Arm inductance LArm 46.2 mH
Resistance arm inductance RArm 0.08Ω
On resistance RSM,on 0.08Ω
Number of SMs nSM 350
SM capacity CSM 8.8 mF
AC primary voltage UAC,1 400 kV
AC secondary voltage UAC,2 350 kV
Transformer reactance RAC,1 0.316 21Ω
Transformer inductance LAC,1 0.403 mH
Transformer reactance RAC,2 0.726Ω
Transformer inductance LAC,2 0.924 73 mH

On the DC side of the MMC, the voltage is held constant to UDC. The simulated MMC
model is based on a Type 5 Average Value model, consisting of controlled voltage sources
that represent the Submodule (SM) string of each arm [42]. The MMC control system is
a cascaded vector control and is designed as an energy-based control, where the energy
control loops of the MMC are explicitly implemented [43]. A high-level overview of
the control system is given in Figure 6.

Figure 6. Cascaded vector control scheme for controlling the MMC.

The upper-level controls are responsible for controlling the reference values of the dis-
patch control, provided by the converter operator. When operating in grid-following
control mode, the MMC can control the active and reactive power and the DC and AC
voltage. Additional current controllers and the Phase-Locked Loop (PLL) synchronize
the converter with the AC grid. In grid-forming control mode, the converter directly
defines the grid voltage magnitude, frequency, and angle. An oscillator at fixed angular
frequency generates the grid frequency instead of the PLL. The upper-level controls then
provide the reference arm voltage e∗AC and e∗DC to the lower-level controls, particularly,
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the converter control, which ensures a dynamic, but also stable, operation of the converter.
For this purpose, the horizontal and vertical balancing controls that the average energy
stored in the MMC and the SM is symmetrically distributed among the MMC arms, ensur-
ing an equal, average AC and DC power output. The circulating current control suppresses
undesired currents flowing within the converter due to voltage imbalances of the con-
verter arms. Finally, the submodule control determines the semiconductors’ switching
states according to the provided reference voltage e∗u, l using Pulse-Width Modulation
(PWM) or Nearest-Level Modulation (NLM) as potential modulation techniques. The ca-
pacitor balancing determines which SM are switched so that the energy of the capacitors is
evenly distributed.

The AC grid is modeled as a Thevenin equivalent voltage source UG with the
grid impedance

ZG = RG + j2π fGLG. (3)

Its parameters are given in Table 2 and depend on the SCR that is defined according
to the short-circuit power SSC,G and the converter power Pn,MMC with

SCR =
SSC,G

Pn,MMC
. (4)

Table 2. AC grid impedance parameters.

SCR SSC,G [GVA] RG [Ω] LG [mH]

4 4.8 3.3168 105.58
5 6.0 2.6534 84.46
6 7.2 2.2112 70.38
7 8.4 1.8953 60.33

Typically, the SCR is considerate high for SCR ≥ 5, moderate for 3 < SCR < 5, low
for SCR ≤ 3, and very low for SCR ≤ 2 [44]. When the MMC’s impedance is derived,
an additional perturbation voltage source is added between the grid impedance ZG and
the converter transformer.

2.3.1. Frequency-Domain Stability Assessment

The converter-driven stability of the AC grid and the simulated MMC model circuit is
assessed by the IbSC. Being in grid-following control mode, the MMC controls the grid cur-
rent and can be represented by a current source with parallel admittance. Hence, the MMC
impedance ZMMC(jω) represents the converter admittance YC(jω) in the equivalent circuit
diagram shown in Figure 1. Consequently, the corresponding loop gain can be derived as
in Figure 2 and yields ZG(jω)

ZMMC(jω)
. For simplicity, hereinafter, the argument of the variables

is indicated by the frequency only, while still referring to a complex variable. The PMs of
the system are then derived at the intersection frequencies fPM where

|ZG( fPM)| = |ZMMC( fPM)|. (5)

Subtracting the phase angle difference at fPM from 180° makes it possible to graphi-
cally determine the PMs of the Bode plot with

PM = 180°− arg
(

ZG( fPM)

ZMMC( fPM)

)
= 180°− arg(ZG( fPM)− ZG( fPM)). (6)

To assess the system’s overall stability, both positive- and negative-sequence sys-
tems need to be considered [37]. If either the positive-sequence or the negative-sequence
system analysis determines an unstable system, the overall system is considered to be
unstable. If both positive- and negative-sequence systems are stable, then also the overall
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system is concluded to be stable. Therefore, Figures 7 and 8 depict the Bode plots for
positive- and negative-sequence impedances. They show that the magnitude of the MMC
intersects those of the AC grid at frequencies close to 100 Hz and 200 Hz, respectively.
Furthermore, the plots reveal that with decreasing SCR, the intersection frequencies de-
crease also. For lower frequencies, the differences of the phase angle increase, potentially
reaching 180° and leading to a negative PM.
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Figure 7. MMC impedance and AC grid impedance for different SCRs.
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Figure 8. MMC impedance and AC grid impedance for different SCRs.

Figure 9 show a close-up of the Bode plots around the intersection frequencies for
the different SCRs. Marking the magnitudes and phase angles at fPM, they reveal that
for a SCR = 4, the phase difference exceeds 180° for the positive-sequence impedance.
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The PMs given in Table 3 show that for a SCR = 4 and fPM,pos = 91 Hz, the PM is
negative indicating that the system becomes unstable when the SCR is decreased from
5 to 4. Because the the PM provides only a sufficient stability condition [36], the results
of the Bode plot analysis are verified by additional Nyquist plots presented in Figure A1
in the Appendix A, showing a clock-wise encirclement of the (−1, j0) point for SCR = 4
and the positive-sequence impedance.
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Figure 9. Close up of MMC and AC grid impedance intersections for (a) positive-sequence and
(b) negative-sequence impedances.

Table 3. Phase Margins for positive- and negative-sequence impedances.

SCR fPM,pos PMpos fPM,neg PMneg

4 91 Hz −10° 172 Hz 17°
5 106 Hz 8° 189 Hz 30°
6 119 Hz 20° 208 Hz 41°
7 133 Hz 31° 227 Hz 51°

2.3.2. Time-Domain Validation

Because the frequency-domain stability assessment uses linearized impedance models,
the results are verified by time-domain simulations of the same system in Matlab/Simulink.
Thus, the MMC model is connected to AC grids with varying SCRs. To ensure an initial
stable operation point, the MMC is initially started when connected to a strong AC grid.
Figure 10 shows the current at the MMC AC terminal. After t = 4 s, the MMC is switched
to an AC grid impedance with SCR = 7 Every two seconds, the AC grid impedance is
reduced by an SCR value of 1. As predicted in the frequency-domain analysis, the system
remains stable for AC grid impedances with an SCR = 7 to 5. The current and voltages
in Figure 11 show that high oscillations occur and an unstable operation point is reached
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when switching to an AC grid with SCR = 4. Figure 12 shows the frequency spectrum of
the AC terminal current and voltage after switching. Showing oscillations with a frequency
of 94.5 Hz, the spectrum agrees with the previously predicted instability at f = 91 Hz.
Thus, the results demonstrate that the IbSC is able to to accurately assess the converter-
driven stability of a system using numerically derived impedance models.
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Figure 10. AC terminal current when MMC is connected to AC grids with decreasing SCR.
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Figure 11. AC terminal current (a) and voltage (b) when switched to an AC grid with SCR = 4.
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Figure 12. Fourier spectrum of phase a of the AC terminal current (a) and voltage (b) when connected
to an AC grid with SCR = 4.
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3. Extended MMC Impedance Derivation Method

Representing the frequency behavior of the MMCs, in this work, the corresponding
impedance models are derived based on physical laboratory converters using the MMC TB
laboratory at RWTH Aachen University. Thus, inaccuracies due to model simplifications
can be avoided, and the impedance derivation method is demonstrated in a laboratory
environment. First, the frequency spectrum of the MMC TB response is evaluated when
being subjected to different perturbation signals to determine relevant frequency components.
The MMC TB laboratory consists of several real-time simulators and low-voltage MMC with
the parameters given in Table 4 [45]. For measuring the MMC impedances, two MMCs
are physically connected through Pi-sections on the DC side and coupled with real-time
simulators through power amplifiers on the AC side [34]. The control system is identical
to the controls of the simulated MMC model as presented in Figure 6. Figure 13 illustrates
the MMC TB setup that is used for deriving the laboratory MMC’s impedances. The power
amplifier can be operated either in current or voltage mode. In current mode, the power
amplifier connected to MMC 1 feeds in a current consisting of the grid and the perturbation
current. In voltage mode, the power amplifier supplies a voltage consisting of the grid voltage
superimposed by the perturbation voltage. In both cases, power amplifier 2 supplies the grid
voltage for MMC 2. A detailed overview of the measurement setup can be found in [34].

Figure 13. MMC TB setup for the impedance derivation.

The MMC TB impedance |ZTB|eϕTB is scaled up according to the scaling factors |k| and
kϕ [34] to align with the AC grid impedance and the 1 MW wind turbine VSC. The scaled
MMC TB impedance is

ZTB,scaled = |k| · |ZTB|eϕTB−kϕ (7)

with

|k| =

√
r2

FS + (ω · lFS)2

r2
TB + (ω · lTB)2

(8)

and
kϕ = arctan

rFS
ω · lFS

− arctan
rTB

ω · lTB
. (9)

The equivalent resistance rFS and inductance lFS are calculated using the simulated
full-scale MMC parameters given in Table 1, while rTB and lTB are based on the MMC TB
parameters given in Table 4 as described in [34].

3.1. Spectrum Analysis

The impedance derivation method introduced in Section 2.2 is applied to measure
the impedance of the MMC TB converters. A preceding analysis investigates the spec-
trum of the MMCs signals to determine with what frequencies the MMC TB responds to
a perturbation. When operating in grid-following control mode, the MMC is perturbed by
a voltage source, causing the converter to respond with a current. Therefore, the voltage
injection approach shown in in Figure 4 is used and power amplifier 2 operates in voltage
mode as shown in Figure 13. Applying a voltage perturbation at 40 Hz, 70 Hz, 80 Hz and
90 Hz, the corresponding current spectrum is analyzed. Figure 14 shows the effect of
the perturbations on the current spectrum. As expected, the converter also responds with
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a current at 40 Hz, 70 Hz, 80 Hz and 90 Hz. However, for positive-sequence perturbations,
the spectrum depicted in Figure 14a also contains current responses at 60 Hz and 140 Hz for
a 40 Hz perturbation, at 30 Hz and 170 Hz for a 70 Hz perturbation, at 20 Hz and 180 Hz for
a 80 Hz perturbation, and at 10 Hz and 190 Hz for a 90 Hz perturbation. In fact, for a 40 Hz
perturbation, the response at 60 Hz exceeds that at 40 Hz, indicating a high degree of cou-
pling in that frequency region. The results indicate a pattern in the current responses. When
being subjected to a voltage perturbation with f = fpert, the MMC responds with a current
with f = 100 Hz− 2 fpert and f = 100 Hz + 2 fpert in addition to a current at f = fpert.

Table 4. MMC Test Bench parameters.

Parameter Variable Value

Nominal output power Pn,MMC 6 kW
Nominal DC voltage UDC,n 400 V
Nominal DC current IDC,n 15 A
Nominal frequency fn 50 Hz
Nominal AC primary voltage (3-phase) UAC,1 400 V (Line-to-line RMS)
Nominal AC secondary voltage (3-phase) UAC,2 208 V (Line-to-line RMS)
Nominal AC RMS current at fn IAC,n 16.7 A
MOSFET switching frequency fsw 0–10 kHz
Number of cells (submodules) nSM 10
Nominal cell voltage Ucell,n 40 V
Cell capacitor CSM 4.92 mF
Arm inductor LArm 2.5 mH
Transformer rated power STr 8 kVA
Transformer vector group Y/∆ (Ynd11)
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Figure 14. MMC TB current response spectrum with (a) positive-sequence and (b) negative-
sequence perturbation.
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These currents are referred to as (mirror) frequency coupling [29,39,46] and are sub-
sequently defined as a negative and positive coupling current dependent on the grid
frequency fG and the perturbation frequency fpert with

fpert− = 2 fG − fpert (10)

and

fpert+ = 2 fG + fpert. (11)

Due to nonlinearities of controllers, converters respond to a perturbation frequency
with harmonics at frequencies other than the perturbation frequency. These harmonics can
be identified in the dq-domain when the nondiagonal elements in a dq-domain impedance
matrix are not zero and cross-couplings exist [28,32]. This coupling effect is typical for
VSC including MMCs [39,47]. It can be caused by the grid frequency used in the dq-
transformation of the converters’ control systems [5]. In particular, controllers that control
the d- and q-axis current differently, such as the tracking controllers of the PLL, can be
responsible for causing the coupling frequencies [46]. The effect was seen in STATCOM
measurements in the China Southern Grid [5]. The PLL was considered responsible
for transforming a component at the frequency f into two simultaneous components
in the stationary frame, one at fG − f and the other at fG + f [5]. However, different parts
of the control system, such as the PWM, can also produce the coupling currents [48].

The spectrum depicted in Figure 14b, shows that no significant current magnitudes at
frequencies other than the perturbation frequency can be seen for a negative-
sequence perturbation.

Figure 15 shows the perturbation response current I( fpert) as well as the previously
identified coupling currents I(2 fG− fpert) and I(2 fG + fpert) when the MMC TB is subjected
to a perturbation voltage source with frequencies ranging from 1 Hz to 10 kHz. This means
that for instance, for a perturbation frequency with f = 40 Hz the current response at
40 Hz, at 60 Hz, and at 140 Hz can be seen in the Bode plot. The current trajectories
reveal that the current’s magnitude at f = fpert+ is significantly smaller than at f =
fpert−. Furthermore, the plot shows that the frequency coupling effect is only significant at
frequencies close to the grid frequency. However, as already seen in the spectrum analysis,
the current response at fpert− exceeds that at the perturbation frequency between 30 Hz and
60 Hz. The response at the coupling frequencies converges to zero for higher frequencies,
and the MMC responds with the current at fpert only.

When operating in grid-forming control mode, the converter is perturbed with a cur-
rent source and responds with a voltage. In this case, the current injection approach shown
in Figure 4 is used and power amplifier 2 operates in current mode as shown in Figure 13.
The converter reacts only with voltages at fpert as it can be seen in the voltage spectrum
in Figure A2 of the Appendix A.
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Figure 15. MMC TB current response to a voltage perturbation with frequency fpert.

To conclude, the coupling current is only significant for the given system when

• the MMC operates in grid-following control mode,
• the MMC is subjected to a positive-sequence perturbation,
• the perturbation frequency is below 200 Hz.

3.2. Coupling Modeling

As demonstrated in the previous section, the MMC responds to a positive-sequence
voltage perturbation at fpert not only with a current at the same frequency but also with
a current at f = 2 fG − fpert when operating in grid-following control mode. Figure 16
illustrates how the additional current introduces a dependency of the grid impedance
on the measured current response at fpert.

Figure 16. Influence of coupling current on measured current response.

The voltage perturbation Upert( fpert) causes a current response at the same frequency,
Ipert( fpert), and also one at the coupling frequency, ic(2 fG − fpert), as seen in the spectrum
analysis. This current leads to an additional voltage uc(2 fG − fpert) whose magnitude
depends on the grid strength and the resulting grid impedance through the grid impedance.
This voltage can be interpreted as an additional perturbation source that causes a current
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response at the same frequency, which is 2 fG − fpert. Additionally, the converter also
responds to the additional perturbation uc with a current ic,c at frequency

f = 2 fG − (2 fG − fpert) = fpert. (12)

As a result, the current response at f = fpert consists of the converter response to the volt-
age perturbation Upert( fpert) and that to the additional voltage perturbation uc(2 fG − fpert).
The latter introduces a nondesirable dependency of the converter impedance on the grid
impedance, which nullifies the advantage of the IbSC that both subsystems’ impedances can
be independently derived. While the measurement setup can include the grid impedance,
this approach would further increase the required number of measurement series. Every grid
impedance would require a new measurement; therefore, this approach is not feasible. Thus,
the converter impedance is measured in ideal conditions, not including the grid impedance.
The impact of the additional coupling current on the converter impedance can be subse-
quently included in the converter impedance model by an additional parallel impedance as
presented in Figure 17 [39].

Figure 17. MMC impedance model with additional coupling impedance.

The additional impedance Zc,c( f ) depends on the grid impedance as well as the addi-
tional current ic,c and is added in parallel to the converter impedance ZMMC. For simplifi-
cation, it will be derived as the admittance Yc,c so that the overall converter admittance

YMMC( fpert) =
Ipert( fpert) + ic,c( fpert)

Upert( fpert)
=

Ipert( fpert)

Upert( fpert)︸ ︷︷ ︸
Ypert

+
ic,c( fpert)

Upert( fpert)︸ ︷︷ ︸
Yc,c( fpert)

. (13)

The admittance Yc,c is derived on the basis of the model presented in [49] which maps
the current ic(2 fG − fpert) to the perturbation voltage Upert( fpert) by defining a admittance

Yc( fpert) =
ic(2 fG − fpert)

Upert( fpert)
. (14)

Figure 16 illustrates that the current ic(2 fG − fpert) leads to a voltage uc(2 fG − fpert)
through the parallel converter and grid and converter admittance so that

uc(2 fG − fpert) =
ic(2 fG − fpert)

Ypert(2 fG − fpert) + YG(2 fG − fpert)
. (15)

The converter responds to this additional perturbation with the current ic,p at the same
frequency and also with a second coupling current ic,c at frequency f = fpert as derived
in (12). It can be expressed by

ic,c( fpert) = Yc(2 fG − fpert) · uc(2 fG − fpert). (16)
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Replacing ic,c( fpert) in the right summand of (13) by (16) gives

Yc,c =
Yc(2 fG − fpert) · uc(2 fG − fpert)

Upert( fpert)
. (17)

Now uc(2 fG − fpert) in (17) can be represented by (15) so that

Yc,c =
Yc(2 fG − fpert)

Upert( fpert)
·

ic(2 fG − fpert)

Ypert( fpert) + YG(2 fG − fpert)
. (18)

Then Yc as in (14) can be used to replace ic(2 fG− fpert)

Upert( fpert)
in (18) which results in

Yc,c( fpert) =
Yc(2 fG − fpert) ·Yc( fpert)

Ypert(2 fG − fpert) + YG(2 fG − fpert)
, (19)

as in [49]. The resulting admittance considers the influence of the grid impedance by
integrating the current ic,c( fpert) into the overall impedance model ZMMC( fpert). Including
the admittance Yc,c( fpert) into the overall impedance model requires recording also the sig-
nals ic(2 fG − fpert) and Upert( fpert) as shown in (14) and (19). Consequently, the impedance
measurement method in [33] is extended to also record the voltage Upert at fpert and the cou-
pling current ic at 2 fG − fpert which can be seen in Figure 15. Equation (19) also shows
that the converter admittance Yc and the grid admittance YG need to be obtained also for
the coupling frequency 2 fG − fpert for deriving Yc,c( fpert). Thus, the derived admittances
are additionally shifted so that the corresponding values at 2 fG − fpert can be added to
the model.

Figure 18 shows the impact of including the coupling current in the overall MMC
impedance model. A low SCR (SCR = 2 ) and consequently high grid impedance ZG sig-
nificantly influences the MMC impedance trajectory at frequencies below 50 Hz. A higher
SCR (SCR = 6) shows a significantly reduced impact with the overall impedance almost
matching the impedance when no coupling is modeled and Zc,c = 0. Figure 18 also demon-
strates that the coupling current does not affect the overall impedance at higher frequencies.
Therefore, the coupling current is neglected in the impedance modeling for frequencies
higher than 200 Hz.
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Figure 18. MMC TB impedance with no coupling modeled (Zc,c = 0), high SCR (low ZG) and low
SCR (high ZG).
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4. WT VSC Controller Replica System

The VSC of the wind turbine determines the frequency behavior of the offshore wind
farm. The related impedance models are derived in the DNV GL Smart Grid Lab in Arnhem,
The Netherlands. The goals of the laboratory are [40,41]:

• To propose a PHiL test circuit to derive the impedance model of the power converter
unit of a vendor-specific wind turbine (i.e., the power converter unit of a commercial
1 MW wind turbine generator). Further details for the PHiL TB can be found in [40].

• To establish a CHiL TB to derive the impedance model a VSC WT controller replica
that can be used for the grid integration of offshore wind power plants.

• To compare the PHiL impedance of the VSC with its equivalent CHiL and provide
suggested practices for potential industrial applications.

For this work, the CHiL impedance models the frequency behavior of the wind turbine
VSC since it can be obtained with a higher bandwidth than the PHiL impedance. The CHiL
TB depicted in Figure 19 is configured with the following key components:

1. The OPAL-RT real-time simulator consisting of OP5700.
2. A 1 MW WT VSC controller replica from Ming Yang Wind Power, Zhongshan, Guang-

dong, China.

Figure 19. CHiL TB setup for the WT VSC controller replica impedance measurement.

The real-time simulator OPAL-RT OP5700 is the core of the system. It simulates
a single wind turbine, including a wind turbine’s electrical subsystem, the generator, fil-
ters, transformer, the offshore AC-grid, and breakers. The simulations are FPGA-based.
The MingYang Wind Power WT VSC controller replica connects to the OP5700 system
through digital and analog channels [40,41]. The real-time simulator measures the grid
side current and voltage signals Ig,abc and Vg,abc and the generator side current and voltage
signals Igen,abc and Vgen,abc. The analog output interface exports the signals. The OP5700
communicates with the WT VSC controller replica through 10 V analog signals. The con-
troller replica then measures the terminal voltage and current coming from the controller
replica. Using its time-stamped digital input interface, the OP5700 can interface with
the controller replica’s measured signals. The resulting dq-impedance models used for
the stability analysis are transformed into the sequence domain [50] and adjusted for
outliers [45].
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5. Stability Analysis

Using the scaled MMC TB and the WT VSC controller impedances, the converter-
driven stability of a wind farm connected to the AC onshore grid by an HVDC link is
assessed. Figure 20 depicts the investigated system.

Figure 20. HVDC system connecting offshore windfarm to AC system.

The AC onshore grid is connected to an MMC operating in grid-following control
mode and controlling the DC voltage. At the same time, the offshore wind farm is syn-
chronized with an MMC operating in grid-forming control mode and providing the AC
voltage magnitude and frequency. Thus, two test cases are defined to assess the stability of
the system. The onshore test case investigates interactions between the AC onshore grid
and the grid-following MMC and the offshore test case investigates interactions between
the grid-forming MMC and the offshore wind farm. 600 MW are transmitted from the off-
shore wind farm to the shore, meaning that the impedance models are derived for 0.5 pu
active power setpoint.

5.1. Onshore Test Case

Similar to the validation test case, different SCR are defined to investigate AC on-
shore grids with varying grid strengths. Investigating the positive-sequence impedance
ratio first, Figure 21 depicts the positive-sequence Nyquist plots of the impedance ratio
ZG( f )/ZMMC( f ) with Figure 21b showing a close-up around the (−1, j0) point.

The Nyquist plots show that for an SCR = 3.5, the (−1, j0) point is encircled, indicat-
ing an unstable system. The Bode plots in Figure 22 further reveal that the phase difference
of the AC grid and MMC impedances reaches 180° for SCR = 3.5 and below.

Figure 23 depicts the Nyquist plots of the negative-sequence impedance ratio. They
show that for the negative-sequence impedance ratio, the (−1, j0) point is not encircled
for the examined AC grid impedances. The Bode plots in Figure 24 show that even for
an SCR = 3, the phase difference does not exceed 180°.

(a) (b)

Figure 21. Complete (a) and zoomed (b) Nyquist plots of MMC in grid-following control mode and
AC grid for different SCR with positive-sequence perturbation.



Energies 2021, 14, 2341 20 of 27

To determine the onshore system’s overall stability and its proximity to instability, Table 5
presents the minimum PMs of the positive- and negative-sequence systems. Figure 18 shows
that the effect of the additional coupling impedance is mainly relevant at frequencies around
the grid frequency. Hence, the resulting PM do not differ for this particular case. Table 5
shows a negative and zero PM for the positive-sequence systems with SCR = 3 and 3.5. Thus,
the frequency-domain stability assessment demonstrates that already for a moderate SCR,
the converter-driven stability is threatened due to unwanted interactions between the onshore
MMC and the adjacent AC system.
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Figure 22. Bode plots of MMC in grid-following control mode and AC grid for different SCRs with
positive-sequence perturbation.

(a) (b)

Figure 23. Complete (a) and zoomed (b) Nyquist plots of MMC in grid-following control mode and
AC grid with negative-sequence perturbation.
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Figure 24. Bode plots of MMCs in grid-following control mode and AC grid for different SCR with
negative-sequence perturbation.

Table 5. Phase Margins of MMC in grid-following control mode and AC grid for different SCR.

SCR fpos [Hz] PMpos [deg] fneg [Hz] PMneg [deg]

3 95 -8 169 7
3.5 105 0 179 15
4 114 8 190 22

4.5 121 14 199 28
5 129 20 209 34

5.5 137 25 220 40

5.2. Offshore Test Case

The offshore test case investigates interactions between a grid-forming MMC and
wind farm consisting of 600 wind turbines with 1 MW nominal power each. The WTs are
arranged in a radial grid layout illustrated in Figure 25, showing also the equivalent circuit
diagram of one radial line. The measured wind turbine impedance ZWT already includes
the transformer impedance in addition to the converter impedance ZC. Additionally,
the line impedance Zl with H = 0.3 mH is included in the wind farm model [51].

Consisting of m radial lines and n wind turbines in each line, the grid layout can be
varied to investigate the topology’s impact on the stability. Thus, the overall wind farm
impedance ZWF( f ) is aggregated dependent on n and m using the aggregation algorithm
developed in [52]. Considering an equal line impedance with Zl = Zl1 = Zl2 = Zln, an equiv-
alent admittance Yn

eq is calculated according to IG of the equivalent circuit diagram with

Yn
eq = YWT +

1
Zl +

1
Yn−1

eq

. (20)
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Figure 25. Offshore wind farm grid layout with equivalent circuit diagram for one radial line.

Starting with Y1
eq = YWT = 1/ZWT ,

Y2
eq = YWT +

1
1

YWT
+ Zl

and Y3
eq = YWT +

1
1

1
1

YWT
+Zl

+YWT
+ Zl

. (21)

This formula is repeated until n is equal to the number of WT in a line. Considering
more than one radial line, the overall wind farm impedance then equals to

ZWF =
1

m ·Yn
eq

. (22)

For the analysis, ZWF is determined for every possible grid configuration with n ·m =
600 to ensure a power flow of 600 MW. As a result, the equivalent circuit diagram depicted
in Figure 26 represents the offshore test case. Contrary to the validation and the onshore
test case, not the MMC but the WT converters control the grid current. Therefore, a current
source with parallel impedance represents the offshore wind farm. Operating in grid-
forming control mode, the MMC provides the AC voltage and is therefore represented by
a voltage source with series impedance.

Figure 26. Equivalent circuit diagram of offshore test case.

Deriving the equivalent loop gain accordingly, the impedance ratio ZMMC( f )
ZWF( f ) is assessed

for every wind farm grid layout with n · m = 600 and n, m ∈ N. The Nyquist plots
in Figure 27 show a close-up of a part of the investigated grid layouts. For example,
n, m = 600, 1 shows a layout with 600 WT in one line while n, m = 1600, shows the layout
for 600 radial lines with one WT each. The Nyquist plots reveal that the different grid
layouts do not result in an unstable system as the (−1, j0) point is not encircled for positive-
and negative-sequence impedance ratios. For further analysis Figure 28 shows the Bode
plots of the grid-forming MMC’s impedances and those of the wind farm.
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(a) (b)

Figure 27. Nyquist plots of grid-forming MMC and offshore wind farm impedance ratio for different
wind farm grid layouts.

The plots show that the wind farm impedance magnitudes do not intersect those
of the MMC. Thus, no PM close to zero can occur, and the system is stable for all grid
configurations. Nevertheless, the offshore test case demonstrates that different grid layouts
result in varying Nyquist and Bode plots. Therefore, the wind farm grid layout needs
to be considered for the stability of the offshore system. The offshore system’s stability
analysis also demonstrates that the IbSC and measurement-based impedance models are
suitable for industrial applications, allowing that the models be derived independently
and exchanged without sharing crucial information about the controllers.
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Figure 28. Bode plots of grid-forming MMC and offshore wind farm impedance ratio for different wind farm grid layouts.

6. Conclusions

In this paper, enhanced frequency-dependent impedance models are successfully
derived for laboratory MMCs. Along with the previous work on the impedance model
of a WT VSC controller replica [41], the developed impedance models were used to in-
vestigate the converter-driven stability of an MMC HVDC connected offshore wind park
using the IbSC. The results indicate that couplings between frequencies and their impact
are highly dependent on the converters’ control system. Thus, preliminary spectrum
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analyses are recommended for the impedance derivation. However, the implications and
significance of couplings for stability assessments in industrial applications still merit
investigation. For the investigated test cases, the identified coupling currents do not impact
the stability assessments. Because the coupling currents depend on the applied control
system, it is recommended to identify these currents and their relevance before the sta-
bility assessment when investigating different control systems. The work demonstrates
that no confidential knowledge of the components needs to be shared among owners of
different subsystems, e.g., wind turbines and MMCs, for assessing the system’s stability.
Due to significantly reduced computation times compared to EMT time-domain simula-
tions, the converter-driven stability of multiple scenarios can be investigated effectively.
The onshore system results demonstrate that an MMC synchronized through a PLL with
the AC onshore grid can experience converter-driven stability issues already at a moderate
SCRs. Investigating various offshore grid layouts reveals that the stability assessment also
depends on the grid topology; varying the grid layouts results in significantly different
impedance models of the whole wind farm. Hence, impedance aggregation algorithms
need to be appropriately considered. While the offshore test case demonstrates a stable
system for all grid configurations, the converter-driven stability also depends on the control
systems of the converters. Therefore, each analysis should consider the actual converter
controls so that potential unstable scenarios are not overlooked.
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Appendix A

Figure A1. Nyquist plots of AC grid and MMC impedance ratio of validation test case.
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MMC Test Bench Digial Twin Negative Sequence
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Figure A2. MMC TB digital twin voltage response spectrum with (a) positive-sequence and
(b) negative-sequence current perturbation.
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