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Abstract: A major challenge in the development of multi-vendor HVDC networks are converter
control interactions. While recent publications have reported interoperability issues such as persistent
oscillations for first multi-vendor HVDC setups with AC-side coupling, multi-terminal HVDC
networks are expected to face similar challenges. To investigate DC-side control interactions and
mitigate possible interoperability issues, several methods based on the converters” and DC network’s
impedances have been proposed in literature. For DC network’s impedance modelling, most methods
require detailed knowledge of all converters” design and controls. However, in multi-vendor HVDC
networks, converter control parameters are not expected to be shared due to proprietary reasons.
Therefore, to facilitate impedance-based stability analyses in multi-vendor MTDC networks, methods
that do not require the disclosure of the existing converter controls are needed. Here, detailed
impedance measurements can be applied; however, they are time-consuming and require new
measurement for a single configuration change. This paper proposes an equivalent impedance
calculation method suitable for multi-vendor DC networks, which for available black-box models or
converter impedance characteristics can be modularly applied for various network configurations,
including different control settings and operating points, while significantly reducing the required
time for obtaining an equivalent DC network impedance.

Keywords: converter-driven stability; MTDC Interoperability; multi-vendor MTDC networks;
impedance calculation

1. Introduction

State-of-the-art point-to-point HVDC links, mainly utilized for the integration of
renewable energy sources and as interconnectors between asynchronous AC transmission
systems, are envisaged to develop into multi-terminal DC (MTDC) networks to increase
the operational flexibility and the reliability in case of faults, and thus provide a secure
power supply [1-3]. However, prior to the implementation of MTDC networks, several key
technological challenges must be addressed, such as possible control interoperability issues
that may lead to instabilities and as a consequence to undesired emergency shutdowns of
the entire MTDC system, jeopardizing the aforementioned purpose of connecting multiple
DC links. Several control interoperability issues have been observed in real systems
containing multiple power electronic converters, such as oscillations of 2.5 Hz and 97.5 Hz
between static synchronous compensators and weak AC/DC grids in the China Southern
Grid, or between wind turbines and weak AC grids in Xinjiang, China [4]. To account
for these new phenomena, the traditional stability classifications have been extended to
include converter-driven stability. The newly added classifications are Slow- and Fast-
Interaction converter-driven stability [4]. Generally, control interaction or interoperability
issues can arise during various situations, such as steady-state operation, load-flow change,
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disconnection or connection of converter stations, faults, or during certain protection
actions [5]. Although these interoperability issues have been mainly observed for AC-side
coupled converters, similar interoperability issues can be expected for multi-vendor MTDC
applications, as investigated in the Best Paths project [5]. Therefore, new methods to ensure
stability for these newly defined interactions are needed for future MTDC systems. To this
end several publications propose a stability analysis based on an analytical analysis of linear
models of state-of-the-art Modular Multilevel Converters (MMCs) and their controls [6,7],
or entire MTDC systems including detailed DC-side impedance models of MMCs with
the complete converter control [8]. While these works significantly contribute to stability
analysis in MTDC networks, a major disadvantage of these white-box approaches is
that they require detailed knowledge about the structure of the MMC control systems.
Therefore, they are not applicable for multi-vendor based MTDC networks, as the disclosure
and exchange of sufficiently accurate analytical converter and control models is highly
improbable due to proprietary reasons [5,9]. Instead of using a single whitebox model for
stability assessment of a DC network, a modular approach with defined interfaces could be
used. A suitable and widely applied method for system stability analysis is the impedance-
based stability criterion, which states that any system can be separated as a Thevenin or a
Norton equivalent circuit, as shown in Figure 1. The stability of the overall system can then
be analyzed by considering the ratio of the corresponding impedances of both equivalent
circuits and applying the Nyquist stability criterion [10]. In the case of a multi-vendor
HVDC systems, a split into Zyivic and Zgig can be considered. Depending on the available
information, both Zyvic and Zgyig could be calculated using a frequency sweep approach or
provided by either the respective grid operator or converter manufacturer, so that stability
analyses can be conducted without the need for converter-internal data. Whereas previous
literature mainly focuses on the derivation of the MMCs’ equivalent impedance Zypic—
either in an analytical way [6-8] or via using frequency sweep measurements [11,12]—the
DC network and the corresponding Ziq are often modeled in a simplified way; for
example, DC cables are assumed as simple Pi-section models, which are very limited with
regard to modeling the frequency dependent impedance behavior [13]. Hence, the overall
DC grid impedance Z,i4 relevant for stability analyses can only be derived for a small
bandwidth of lower frequencies. Because of this limitation, in most previous studies no
further investigation regarding the impact of possible DC network topologies on the system
stability is considered.
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Figure 1. Impedance based stability criterion.

However, HVDC networks can have different topologies such as point-to-point, radial,
or meshed, where several combinations regarding network design and cable lengths are
possible, resulting in a multitude of prospective grid impedances Zgq. Therefore, a
detailed model of the network is critical for MTDC networks, and one of the key elements
is the frequency dependency of the cable model. Furthermore, the network impedance
seen from the DC terminal of a converter also depends on the control modes and operating
points of all the other converters in the system, resulting in numerous factors influencing
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the impedance Zgiq with which a converter is prospectively interacting. Due to the
resulting complexity, there is no method yet to identify critical cases in advance, thus a
large number of combinations has to be analyzed to assess and ensure system stability.
Therefore, the other key element is the equivalent impedance of the converters. To obtain
the equivalent impedance of an HVDC network (Zgriq) consisting of black-boxed MMC
models and detailed frequency dependent cable models, simulative frequency sweep
methods can be applied to properly capture the frequency dependency. However, using
this simulative approach would require a new measurement for each network or MMC
control modification, which is a time-consuming process. Alternative methods are needed
that enable faster and adaptable analyses with the aim to identify critical cases.

In this paper, a modular analytical approach to derive the equivalent network impedance
applicable for stability analyses in multi-vendor based MTDC networks is proposed that
(a) allows for the use of black-boxed MMC models, (b) is capable to calculate all possible
DC network impedances in a short time with sufficient accuracy, and (c) enables an analysis
of different combinations of network topologies, operating points, and control modes. The
method relies on the availability of the MMC and DC cable impedances. Provided that
the DC-side impedance behavior of the MMCs is given for several control modes and
operating points, no further details of converters are required to accurately calculate the
equivalent impedance behavior of a DC grid as seen from the DC terminals of any MMC of
interest. These impedances can be obtained from the vendors or by using an appropriate
frequency sweep method (as applied in this paper). The impedance of the cables could
either be given by the respective system operator or derived thanks to the availability of
the cable data. To accurately represent the DC cables for the impedance-based analysis,
frequency dependent (FD) Pi-sections as proposed in [13,14] are needed. This way, a
DC network’s cables can be accurately represented up to an upper frequency limit of
several kHz, covering the aforementioned bandwidth relevant to assess fast-interaction
phenomena. The frequency range of up to 1 kHz is the focus of this paper, as it incorporates
Fast-Interaction converter-driven stability range, that is defined to be in several hundred
of Hz and possibly reach kHz [4]. Given these appropriately derived impedances, the
proposed method allows a fast impedance-based analysis for a multitude of possible system
topologies, control modes, and operating points, such that HVDC network stability can be
investigated comprehensively and impact factors and worst-case operating scenarios can be
derived, allowing the application of methods to enhance the interoperability and stability.

The paper is organized as follows: As a basis, the MMC converter design and relevant
control structures are introduced in Sections 2.1 and 2.2, respectively. Furthermore, appro-
priate modeling of the DC cables as a frequency-dependent model and FD Pi sections is
presented in Section 2.3. In Section 3, it is explained how the DC network impedance seen
from a specific MMC can be obtained. In Section 3.1, the simulation-based measurement
method used for verification is explained, before the analytical method proposed in this
paper is introduced in Section 3.2. Moreover, in Section 4, a procedure to obtain the MMCs’
impedance charts required for the application of the proposed method is described. In
Section 4.1, the influence of the MMC control modes and different operating points is
analyzed, which are required for the validation of the proposed method. In Section 5.1,
the proposed method is validated for a radial and a meshed MTDC network, where the
calculated network impedances are compared to corresponding measured impedances.
To assess its applicability, the proposed network estimation method is applied for an
impedance-based stability analysis of a MTDC network in Section 5.2.

2. MMC and Cable Representation for Impedance-Based Analysis

In this section, the design of the MMCs, their controls, and the modeling of the
DC cables are described as building blocks that are required for the development of the
equivalent impedance calculation method proposed in this paper.
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2.1. MMC Design

Since no impedance models of a black-boxed MMC from a specific vendor are available
for the investigations in this paper, the MMC stations are simulated as Type 4 average
models. They are adequate for the control interoperability studies and are used to obtain
the example frequency-dependent impedance data [15]. A schematic representation of
an MMC is shown in Figure 2 [16]. The parameters of the converter stations used in this
paper are summarized in Table 1. On the AC side, the AC grids are modeled as Thevenin
equivalents with a rated apparent power Syom = 30 GVA and at a rated phase-to-phase
AC voltage of uac,; = 400 kV with a nominal frequency of fnom = 50 Hz. The calculations,
and corresponding simulations, are done with MATLAB/SIMULINK with a time step of
Atgim =40 ps.
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Figure 2. Schematic representation of an MMC.
Table 1. MMC Parameters.
MMC Parameter Abbr. Value
Nominal DC voltage UpC,n +320 kV
Nominal DC current iDCn 1.875 kA
Nominal output power Ppcn 1200 MW
Nominal AC voltage UAC 400 kV
LL-RMS UAC2 350 kV

2.2. MMC Controls

Considering that this paper focuses on impedance calculation suitable for black-box
models, any MMC control can be applied, i.e., non-energy or energy-based MMC controls.
The exemplary MMC controls used for the investigations in this paper are energy-based
controls with the cascaded vector control structure shown in Figure 3 [16].
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Figure 3. MMC Control Structure (reference signals denoted with (*)).

The outer loop control provides the reference values to the inner loops, which comprise
the AC current control, DC current control, and the circulating current (CC) controls. The
inner loops then provide the reference values for the calculation of the reference phase-arm
voltages of the MMC. The DC voltage control, DC current control, and the total energy
balancing control are assumed to have the highest impact on the DC side impedance of
the converters [17]. To systematically compare the influence of control parameters on
the MMCs’ impedance, the symmetrical optimum (SO) method, where a control loop
phase-margin ¢y can be pre-defined, is exemplarily applied here for both DC voltage and
TEB control loops [16]. For the standard SO, the value of the phase-margin is ¢\ 36.9°. For
a generalized SO, a phase-margin in the range of 36.9° < ¢\ < 61.9° is recommended. A
higher value of ¢\ leads to an improved damping but a slower system response [18,19].

2.3. DC Cables

For the time-domain simulations used for validation (cf. Section 5), the DC cables
are modeled using a frequency-dependent universal line model (ULM) developed within
BEST PATHS [20]. The cable parameters required for the model are extracted from a
320-kV XLPE submarine cable design in PSCAD/EMTDC. The parameters of the DC cable
are copper core conductors with resistivity of p = 1.72 x 1078 [(Om] of cross sections of
Acore = 1984 mm? based on a benchmark case in [15]. While the frequency-dependent cable
models, such as the ULM, represent the DC cable behavior very accurately, combining
them with the impedance behavior of the MMCs to analytically calculate the equivalent
DC network impedance is not applicable. Due to the two-port network nature, they are not
suited for analytical calculations, but only for corresponding simulations [13]. To address
this issue, ULMs can generally be represented by simple Pi-sections, consisting of a single
RL branch or frequency dependent (FD) Pi-sections, consisting of cascaded Pi-sections with
several parallel RL branches. A configuration of a FD Pi-section is shown in Figure 4. Here,
the elements of the Pi-sections are calculated as proposed by [13,14].
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Figure 4. FD-Pi sections.

Considering that a higher number of the cascaded Pi-sections and parallel branches
results in transfer functions of a higher order, a configuration of four cascaded Pi-sections
with three parallel branches each is considered in this paper. This configuration shows
a very good approximation of the DC cable impedance behavior for frequencies up to
f=1kHz[13]. The corresponding per single Pi-section unit length values of a simple
Pi-section and FD Pi-sections corresponding to the DC cable design are shown in Table 2.

Table 2. Equivalent simple and FD-Pi Section values.

Pi-Section Element Simple Pi-Section FD Pi-Section
Branch 1 Branch 2 Branch 3
Resistance [Ohm/km] 8.67 x 1073 1.54/np; 8.77 x 102 /np; 9.68 x 1073 /np;
Inductance [H/km] 3.01 x107° 3.02 x 107° /np; 2.74 x 10~*/np; 2.65 x 1073 /np;
Capacitance [F/km] 2.76 x 1077 2.76 x 1077 /np;

3. DC-Network Impedance Derivation Methods

In this section, a simulative approach for the equivalent impedance measurement of
a DC network as seen from the terminals of an involved MMC using a frequency sweep
method is initially explained in Section 3.1. The frequency sweep approach is adapted from
existing frequency sweep approaches for the AC side impedance derivations. Then, the
proposed approach to calculate this equivalent impedance from the single elements of the
network is presented in Section 3.2.

3.1. DC Network Impedance Measurement

The equivalent DC network impedance is measured by applying a frequency-sweep-
based method to the implemented Simulink model. The used method is adapted from
AC-side impedance measurements of the MMCs and is also suitable for cases in which
the MMCs are only available as black-boxes [11,21]. Depending on the control mode
(DC voltage or active power) of the MMCs from which the equivalent impedance of the
DC network is measured, a DC voltage source at the DC voltage nominal value, or a
current source at the corresponding operating point is connected to the DC terminals of
the corresponding MMCs, respectively. A perturbation voltage or current is added in
series on the positive pole with the respective source, to obtain an equivalent impedance
between the positive and the negative pole, (see Figure 5a). The perturbation magnitude is
set to 1% of the corresponding nominal value, such that any unwanted control reactions
of the connected MMCs are avoided. For each perturbation frequency, the DC network
impedance results as the ratio of the measured voltage and current. The amplitude and
phase of the obtained impedance points are calculated by applying Fourier analysis. This
way, the equivalent impedance of the DC network as seen from the DC terminal of an MMC
can be obtained for the different control modes and different operating points of the MMCs
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in the DC network. While this simulation-based DC network impedance measurement
method can be used to obtain the impedance behavior as an input to impedance-based
stability analyses for various DC network configurations at different MMC operating points,
it is very time-consuming. To address this issue, an equivalent DC network impedance
calculation approach is proposed in the next Section.
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Figure 5. Equivalent impedance measurement (a) and calculation method (b), e.g., as seen from MMC 4.

3.2. Proposed Methodology to Calculate the Equivalent Impedance of a MTDC Network

For an equivalent DC network impedance calculation, as seen from any MMC within
the network, the impedance of the DC cables needs to be properly combined with the
impedance of the other MMCs. Provided that the equivalent impedance of all MMCs in
an existing DC network are given, the DC network equivalent impedance as seen from an
MMC can be calculated analytically by an iterative process, via the following steps:

1.  Each MMC impedance Zypvic is regarded as a single impedance between the positive
and negative DC terminals. It can be measured as explained in Section 4, or be
provided by the corresponding manufacturer. Furthermore, future MTDC systems
are expected to feature DCCB based protection, which require line inductors at each
line end to limit the rate of rise of current [15]. To consider their influence on the
dynamic system behavior, example DC line inductors Ly, are considered here.

2. Define the MMC (reference MMC) and thereby point of connection at which the DC
network impedance should be calculated. The equivalent network impedance as seen
from the DC terminals of the reference MMC is calculated by starting from the DC
cable end that has only a single connection to an equivalent impedance, e.g., MMC 1
in Figure 5b). This MMC’s impedance is connected in series with the corresponding
DC line inductors Lyjne, such that Zeq i = Zmmc,i + 2 * ZL line i

3.  The positive and negative pole DC cables are represented via (FD) Pi-sections, as
derived in Section 2.3, whose capacitances are considered in series for the steady-state
case. The equivalent impedance Zq; from step 2 is in parallel with the capacitances
of the Pi-sections, which results in Zeg,ip = 1/((1/Zeq,i) + 0.5:(1/Zcpi/2))-
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4. The series impedances of (FD) Pi-sections Z, o4 are added in series to Zeqip resulting
In Zeqjis = Zeq,ip + 2 * Zp eq- Steps 34 are repeated until the end of the (FD) Pi-sections
for the corresponding radial connection is reached.

5. After step 4, the Ly at the end of the corresponding (FD) Pi-sections are added in
series to obtain a partial network impedance Zparti = Zeqip + 2 * ZL line @S seen from
the point of common coupling (PCC).

6.  In case of another radial connection at PCC Z,3j that does not include the reference
MMC, steps 1-5 are applied to derive Zpartjj Zpartij is in parallel to Zya; from step 5,
resulting in Zparip = 1/((1/ Zparti) + (1/ Zpartij))- Zpartjj can also be an MMC equivalent
impedance, in which case Zp,tj; would be replaced by a corresponding Zymvc,jj-

Each step involves equivalent impedances represented as higher-order transfer func-
tions (TFs). In order to avoid computational overflow in the multiple calculation steps, after
each step a reduction of the TFs is applied while conserving the dynamics of the calculated
equivalent impedance. Regarding a meshed network configuration, steps 1-6 would ideally
be applied after a A/Y transformation of the corresponding ring network which would
result in parallel connected radial network parts. However, a A/Y transformation of the DC
cables here is not applicable as they would need to be considered separately from the corre-
sponding MMC /network-part impedances, thus leading to the same reasons why ULM
cannot be used for the network impedance calculation. Alternatively, MMC/network-part
impedances that are connected to the ring network can be assumed to be connected to the
reference MMC via two parallel network parts Zpart ip-

The equivalent impedance measurement of a DC network via simulation (cf. Section 3.1)
normally is a time-consuming process, which for an example four-terminal network as
shown in Figure 5 takes approximately 5-6 h for one configuration and set-point with Mat-
lab/SIMULINK. The proposed impedance calculation approach takes approximately 1 s.
Considering that for each operating point and topology change the equivalent impedances
require to be simulated, the proposed approach has an impedance estimation speed advan-
tage over the simulative approach.

As the calculation method requires a corresponding impedance characteristic for
each MMC, but no external data is available in this work, a measurement method to
obtain the MMCs’ impedance for various operating points is presented in Section 4, and
corresponding obtained MMC impedance behaviors are analyzed.

4. MMC Impedance Measurement and Analysis

The equivalent DC-side impedance of the MMCs is measured by applying the fre-
quency sweep-based method described in Section 3.1. Similar to the equivalent network
impedance measurement, depending on the control mode (DC voltage or active power)
of the MMCs, a voltage or a current source is connected to the DC terminals of the MMC
station. The sources are set to their corresponding nominal values; a perturbation voltage
or current is added in series on the positive terminal of the MMC with the respective source.
For complete stability analysis, there are several factors of a DC network that need to be
considered, such as the MMC control configurations, load-flow, and different network
topologies. Hence, these factors must also be covered within the validation process of
the proposed method. As a first step, the MMCs’ impedance obtained for various control
modes and operating points are presented in Section 4.1.

4.1. Impedance Behavior of the MMCs

In this section, the impedance behavior of the MMCs controlling the DC voltage
and the active power are measured for different operating points and control tuning to
represent a possible range of MMC impedances. For this, power transfer setpoints of
Pacref =[—1.0, —0.7, —0.5, —0.3, 0, 0.3, 0.5, 0.7, 1.0] p.u. are chosen as examples, where the
PI control parameters of the outer loops (cf. Section 2.2) are tuned via the standard SO
with a PM of ¢\ = 36.9°. To observe the influence of the control parameter tuning, MMC
impedances for PI control parameters tuned with a PM of ¢\ = 36.9°, 45°, and 60° for a
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fixed load flow scenario are compared. The corresponding lowest and highest PM values
are chosen from literature [16,22], while ¢y = 45° is an additional example value used
for comparison.

4.1.1. DC Voltage Controlling MMC

In Figure 6 (left), the influence of the operating point on the impedance behavior of
the DC voltage controlling MMC is shown.
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Figure 6. DC Voltage Controlling MMC for various working points (left) and different control
parameters (right).

It can be seen that for the different operating points, the impedance behavior of
the MMC stays approximately the same. This can be explained in two steps: first, the
passive impedance of the MMCs is the same irrespective of the controls; second, the
active impedance in DC voltage control mode does not depend on the load flow as the
MMC manages to control the DC voltage according to the specified PI control parameters,
irrespective of the operating point. When different control parameters (i.e., different tuning
with gy = 36.9°, 45°, and 60°) are investigated, a strong influence can be observed: from
Figure 6 (right), it can be seen that the amplitude decreases but the phase increases with
decreasing PM for low frequencies up to f ~ 400 Hz. For frequencies above 400 Hz, the
amplitude of the MMC impedance becomes higher for lower PM of the controls.

4.1.2. Active Power Controlling MMC

The impedance behavior of the active power controlling MMC for the different oper-
ating points is shown in Figure 7 (left).

The dependency of the operating point is most significant for frequencies up to f ~ 200 Hz.
Here, for higher power transfers from the DC to the AC side of the corresponding MMC,
the equivalent MMC impedance has lower magnitude, and the corresponding frequency
range where the phase is at ~—180° or ~180°, and consequently corresponds to negative
damping of the MMC, is larger, the higher the DC to AC power transfer is. The impedance
behavior for higher frequencies than 200 Hz can be assumed to be independent of the
corresponding operating point. Furthermore, a strong influence of the different control
parameters on the MMC impedance can be observed from Figure 7 (right), where for lower
control parameters’ PM, the magnitude is higher in the frequency range lower than 50 Hz.
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5. Validation of the Proposed Method and Its Application in an MTDC Network

In Section 5.1, the proposed method is validated for a four-terminal radial and a
meshed DC network: The equivalent impedances of the MMCs from Section 4.1 are fed
into the method proposed in Section 3.2 to calculate the DC network equivalent impedance
as seen from the terminals of each MMC. Lastly, an example application of the proposed
method for impedance-based stability analysis is presented in Section 5.2.

5.1. Validation of the Proposed Method

For the validation of the proposed approach for different topologies, both a radial
and a meshed setup of the DC network configuration as shown in Figure 8 are evaluated,
which consist of MMCs with specifications from Table 1. Furthermore, considering the
significant impact of the different control modes and load-flow scenarios on the overall
impedance seen from a specific MMC, two cases (case A and B) for different control modes
of the MMCs and different load-flows are considered for the radial and meshed networks.

AC AC
Grid 1 — L Line 1 Ly, — Grid 2
MMC . I\ZMC

Station 1 P

Station 2 AC

Grid 4 Lline E Line 2 Grid 3
@ —T=—100km - ‘@
Station 4 Station 3

Figure 8. Investigated HVDC system.

For all cases, the inner and the outer loops of the corresponding MMC controls are
exemplarily tuned applying the MO, and the standard SO with ¢\ = 36.9°. DC line
inductors of Ljne = 80 mH are included at each DC cable end. For both cases, the equivalent
impedance of the DC network as seen from each MMC is calculated for both topologies by
applying the proposed approach in Section 3.2, and then are compared to the corresponding
equivalent impedance measurements in Matlab/SIMULINK, as described in Section 3.1.
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For case A, the MMC control modes are chosen such that MMC 1 controls the DC voltage
to Vpcref = 1 p-u. MMC 2, MMC 3, and MMC 4 control the active power to P = 0.6 p.u.,
Pre3 = 0.4 p.u. and Py = —0.5 p.u., respectively. For MMC 1, the same equivalent
impedance is used in the calculations as for no load flow, since as shown in Figure 6, the
power flow does not influence the equivalent impedance of the DC voltage controlling
MMC. In case B, in order to consider different control modes for the validation of the
proposed impedance calculation method, MMC 1, MMC 2 and MMC 4 are set to control
the active power t0 Pief = Prep = 0.5 p.u. and Py = 0.0 p.u., respectively. MMC 3 controls
the DC voltage to Vpc ref = 1 p.u.

Considering that both simple Pi-section and FD Pi-section configurations are applied
in the literature (cf. Section 1) to represent DC cables, the equivalent network impedance
as seen from MMC 1 for case A is initially measured for the radial network comprising
frequency-dependent ULMs, and then it is calculated by applying the proposed method in
Section 3.2 for the radial network consisting of simple and FD Pi-sections. The comparison
results are shown in Figure 9.

@ MMC 1
E 60 ‘ »_yw—‘?"’"
() P iy
"5 40 - J
5
& 20r 7
=
180 : : — :
= R e L Ha
§ 90 ~ e
) 0] l
g L===‘- ol : ---.Radial m'
f -90 - B : J - Radial c. (Simple Pi-section)-
Radial c. (FD Pi-section)
-180 — — : e —
10 Frequency [Hz] 10°

Figure 9. DC network impedance seen at MMC 1 with simple and FD-Pi sections.

The comparison in Figure 9 shows that the equivalent impedance of the network
consisting of simple Pi-sections (magenta, dashed) matches the measured results consist-
ing of ULMs (black with *’) only for the frequencies lower than ~ 15 Hz. For higher
frequencies, significant deviations can be observed. On the other hand, the utilization of
FD Pi-sections (green) leads to high matching between the measured and the simulated
network impedance as seen from MMC 1. Therefore, FD-Pi sections are used for the further
investigations in this section.

The validation results of case A and case B are shown in Figures 10 and 11, respectively.
The comparisons from Figures 10 and 11 show that for the radial network the calculated
impedances (green) as seen from the different MMCs are almost identical to the corre-
sponding measured impedances (black with *’). Here, it can be concluded that applying
the proposed impedance calculation method results in a highly accurate estimation of
different radial network topologies incorporating different MMC control modes and oper-
ating points. For the meshed network, differences can be observed between the calculated
(red) and the measured (blue with ‘0’) network impedances. Here, for both cases, the
calculated impedances of MMC 3 and MMC 4 show amplitude differences to the measured
network impedances mainly for the frequency range 30 Hz < f < 60 Hz. However, for
the frequency range up to f = 1 kHz, the calculated network impedance shows similar
impedance behavior pattern as the calculated impedance. These differences for the meshed
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network are assumed to be due to two main factors: firstly, for complex networks, the
errors resulting from the differences between ULM and FD Pi-sections add up. Secondly,
in order to avoid computational overflow, a reduction of the resulting higher-order TFs is
required (cf. Section 3.2). While the lower-order TF can accurately represent an equivalent
impedance of a network part, such as a radial network configuration, errors add up in the
calculation process and they become significant when meshed networks are considered, as
the corresponding MMC /network-part impedances that are connected to the ring network
are assumed to be connected to the reference MMC via more complex network, i.e., two

parallel network parts (cf. Section 3.2).

@MMCl1 @MMC2
=) M
=, =,
Q (0]
< <
2 2
= =
80 80
< <
= =
180
w o k
= = ) a , >~-*Meshed m.
2 2 1 ~-+Radial m.
E% :é —Meshed c.
Radial c.
10! Frequency [Hz] 10° 10! Frequency [Hz] 10°
@MMC3 @MMC4
=) =)
=, =,
[P} [}
< <
= =
= =
80 80
< <
= =
180
éﬂ éﬁ 90 PR
= = /el b F °—-Meshed m.
9 g 0 m ! +-Radial m.
..g : E -90 —Meshed c.
&—180 ‘g Q-—180 —Radial c.
1()1 Frequency [Hz] 103 101 Frequency [Hz] 103

Figure 10. Measured vs. calculated radial (black vs. green) and meshed (blue vs. red) network

equivalent impedance seen from the four different MMCs.

This assumption is supported when the calculated network impedance as seen from
MMC 1 and MMC 2 for both cases is analyzed. In comparison to MMC 3 and MMC 4,
which are part of the network’s “ring”, the difference between the calculated and measured
network impedances is smaller for MMC 2, and especially for MMC 1. This is mainly
due to the reason that MMC 1 is radially connected to MMC 2 and the equivalent meshed
impedance resulting from lines 2, 3, and 4 is in parallel connection to MMC 2, and then
radially connected to line 1. Therefore, the impedance of line 1 dominates the overall
impedance seen at MMC 1. As the radial connection can be represented with a high
accuracy, the errors resulting from the meshed network are accordingly reduced. From the
obtained results, it can be concluded that the proposed network impedance calculation
method can be utilized for radial networks to achieve a highly accurate network impedance
representation. For converters connected to meshed networks, it can be used to obtain
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an indication for possible critical interaction points in case of impedance-based stability
analysis, which should then be checked by simulations.
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Figure 11. Measured vs. calculated radial (black vs. green) and meshed (blue vs. red) network
equivalent impedance seen from the four different MMCs.

5.2. Example Application to Stability Analysis

To demonstrate the applicability of the proposed impedance calculation approach
in Section 3.2 for stability assessment, it is applied to obtain the equivalent impedance
of the DC network as seen from the DC terminals of MMC 4 for a large set of possible
operating points of the MMCs (The set of operating points refers to only integer reference
points here, e.g. [-1, =09 ..., 0.9, 1.0] p.u.), utilizing the MMC control modes as in case B
radial network. The bode diagrams of the obtained equivalent impedances are shown in
Figure 12 along with MMC 4 equivalent impedances for all considered operating points,
resulting in 331 different cases.

It is worth noting that the impedance calculation with the proposed approach of all
cases as seen from a single MMC lasts approx. 5 min, whereas an impedance measurement
of a single case lasts at least 5 h. From the impedance-based stability analysis using the
bode diagrams in Figure 12 it is determined that regardless of the operating points of the
other MMCs, the system becomes unstable if the reference active power for MMC 4 is set
to Prea = —0.6 p.u. or lower. Therefore, to have a stable DC network as seen from MMC 4,
its active power reference must be at least Pys4 = —0.5 p.u. Next, to consider a specific
load-flow change, case B is considered, for which the MMC operating points are referred
to as operating point OP1. The load-flow is then changed for all active power controlling
MMCs, such that Pief = Prepp = —0.5 p.u., Pregs = 0.7 p.u,, i.e., referred to as operating point
OP2. The equivalent DC network impedances as seen from all the MMCs are calculated for
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OP2 along with the corresponding MMC impedances at the two different operating points
and are shown in Figures 13 and 14.
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Figure 12. Impedance of MMC station 4 and network impedance seen from the terminals of MMC
station 4.
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Figure 13. Impedance of MMC station 1&2 and network impedance seen from the terminals of MMC
stations 1&2.

The results show a stable system for the equivalent radial network impedances seen
from MMC 3 and 4 for both operating points OP1 and OP2. Stability analysis at MMC 1
and MMC 2 at OP2 results in an instability, at 27 Hz and 20.4 Hz, respectively. The obtained
results are verified via a time-domain simulation in Figure 15. Here, as soon as MMC 2
reaches P, = —0.5 p.u at t = 2.0 s, oscillations with a frequency ~21 Hz appear at the
measured DC voltage and active power, which correspond to the instabilities predicted at

MMC 2.
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Figure 14. Impedance of MMC station 3&4 and network impedance seen from the terminals of MMC
stations 3&4.
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Figure 15. Time-doma in verification for OP2.

6. Discussion

In this paper, an impedance calculation method is proposed that allows fast calculation
of the DC-network impedance as seen from the DC terminals of an involved converter
station. This overall DC-side network impedance, which is needed for comprehensive
impedance-based stability analysis, is derived mathematically from the impedances of
the grid elements. Furthermore, the proposed method is suitable for black-box converter
models and therefore applicable for multi-vendor based MTDC network stability analyses.
The proposed DC network impedance calculation method utilizes two widely applied
approaches in relevant studies: a frequency-sweep impedance measurement approach
that is suitable for black-box models in order to measure the equivalent impedances of the
MMCs for different control configurations and operating points, and FD Pi-sections for em-
ulating the frequency dependency of DC cables. Using these existing approaches, the main
contribution of this paper is the proposed impedance combination of the different elements
to achieve highly accurate impedances of radial MTDC networks in a very short time.
As shown in the paper, the impedance is influenced by the control modes and operating
points in addition to the network topology, such that a multitude of impedances that can
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easily reach the range of several hundreds. These numerous impedances can be calculated
by the proposed method in several minutes, whereas applying a simulative approach
would require several hours for a single test case. Additional to the fast calculation, the
results in the paper show that the proposed method shows a very good accuracy for radial
networks and can be applied to conduct corresponding impedance-based stability analysis,
thereby predicting with high accuracy possible negative converter control interactions and
resulting oscillations.

In the case of meshed networks, the proposed impedance calculation methods shows
limitations, as the accuracy from the results indicated that the proposed method can be
used for a basic assessment of critical scenarios. Here, a verification with corresponding
simulative approaches is required. Future work can focus on the enhancement of the
impedance calculation method so that it can be applied to meshed networks to achieve
highly accurate results.
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