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Abstract—This paper focuses on the assessment and
improvement of the DC network stability of multi-terminal HYDC
(MTDC) systems based on Modular Multilevel Converters
(MMCs). Therefore, the DC terminal small-signal impedance
models for MMCs with different controllers and AC side
connections, including onshore AC networks and offshore wind
farms (OWFs), are developed in this study. These models are
based on the harmonic state space (HSS) method, which accurately
captures the internal multi-harmonic couplings of the MMC.
Further, by utilizing the impedance models, the paper investigates
the effects of different active power controllers and DC cable
distances between OWFs, and different DC cable technologies
including Cross-linked polyethylene (XLPE) and High-
Temperature Superconducting (HTS) cables on the stability of the
DC network. To address the negative damping observed in the DC
impedance of the MMCs, an improved damping controller
implemented with the MMC circulating current controller is
proposed to counteract the destabilizing effects and enhance the
stability of the DC network. The time-domain simulation results
demonstrate the accuracy of the DC impedance models and
confirm the effectiveness of the proposed measures for improving
system stability.

Index Terms—MMC, multiterminal HVDC, DC impedance,
stability, offshore wind farm, HTS cable.

I. INTRODUCTION

Modular multilevel converter (MMC) technology is a
competitive solution for integrating large offshore wind farms
(OWFs) due to its modularity, low switching loss, and low
voltage distortion [1][2]. Over recent years, MMCs have been
utilized in many HVDC projects [3][4], and MMC based multi-
terminal HYDC (MTDC) systems are already in advanced
planning and implementation stages in Europe. However,
potential stability issues of future MTDC systems have received
increased concerns [5]. MMC-based DC grids are complex
systems with multiple ports, and resonances at any AC port can
be potentially amplified by the MMC to the DC side, leading to
resonance throughout the entire DC grid [6]. Therefore, it is
imperative to perform stability analysis to ensure that these
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oscillations do not compromise the safe operation of the system
[71(8].

There are two primary methods for analyzing the small-
signal stability of power systems: the state-space method and
impedance-based analysis. Compared to the state-space method,
impedance-based analysis has the advantage of having “black
box” and “plug and play” functions [9], as being widely utilized
by both industrial and research communities. In impedance-
based analysis, the impedance of the converter is a fundamental
and critical requirement. However, developing an accurate
impedance model for the MMC has been a significant research
challenge due to the steady-state harmonics within the MMC
affecting small-signal behavior at both the AC and DC
terminals. To address this challenge, the Harmonic State-Space
(HSS) method is introduced to develop the MMC AC
impedance, which takes into full consideration the influence of
harmonics within the MMC on its AC impedance [10]. In MMC,
the dynamics of the DC side are intricately linked with those of
the AC side due to the interplay of voltage and current
interactions, control strategies, energy storage in capacitors.
References [11][12] develop the AC impedance model for
MMC without considering the impact of the dynamic at the DC
terminal. Reference [13] employs the HSS method to construct
the DC impedance model for the MMC. Furthermore, in [14],
the DC impedance of the MMC connected to OWFs is
developed.

Small-signal stability of MTDC systems using two-level
VSCs are studied in [15]-[17]. Reference [18] conducts a
stability analysis of a three-terminal MMC-HVDC system
using the impedance method, whereas in the studied system,
two of the MMC’s AC terminals are interconnected.
Consequently, the study places a specific emphasis on assessing
the impact of this AC coupling on the stability. Reference [19]
delves into the DC impedance models and characteristics of
MMC under various control schemes. The DC impedance
models are then used to assess the stability of a four-terminal
MTDC system. The study reveals that using a Proportional-
Integral (P1) controller for AC power control leads to negative
impedance, potentially causing instability issues within the
MTDC system. However, the impact of wind farms on system
stability is not investigated. References [14][20] take into
account the influence of wind farms on the stability at the DC
terminal but they primarily focus on point-to-point MTDC
configurations. Therefore, previous research has largely
concentrated on either point-to-point MMC HVDC or onshore
MTDC systems. The stability of MTDC system connected to
offshore wind farms, particularly in a meshed structure, has not
been thoroughly investigated.

As OWFs grow in scale with long transmission distance,
there is an increasing need for them to be connected to onshore
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locations via HVDC systems. However, traditional HVDC
cables face limitations in current capacity, requiring multiple
cables to meet the required transmission capacity. The
increased number of cables exacerbates issues related to cost,
construction and maintenance difficulty, and environmental
impact [21]. An emerging and alternative approach is the use of
second-generation high-temperature superconductor (HTS)
cables. These HTS cables boast higher current capacity, smaller
size, and greater efficiency, and are becoming more practical
for industrial use with the availability of commercially viable
materials. In recent years, tests and studies have demonstrated
the effectiveness of the HTS cables in the power transmission
system [22]-[24]. However, compared to XLPE cable, the
equivalent resistance of the HTS cable is nearly zero. How this
near-zero resistance affects the offshore MTDC system stability
has not been studied.

To address these research gaps, this paper investigates the
stability challenges of an MMC-based MTDC system
connected to OWFs for the first time and develops an enhanced
control strategy to improve overall system stability. Firstly, the
DC impedances of the MMCs connected to onshore AC grids
and OWFs are calculated. Various MMC control strategies,
such as grid-forming control for OWF connections, DC and AC
voltage regulation, power control, among others, are considered
in developing these impedance models. Subsequently, using the
impedance model of the MTDC system, the impact of various
types of active power control, the location of offshore wind
farms, and the application of HTS cables on system stability is
thoroughly researched and analyzed. Finally, an MMC active
DC damping control method is proposed to enhance overall
MTDC system stability. In comparison to previous research, the
primary contributions of this paper can be summarized as
follows:

1) The impact of different active power controls of the MMC
on the DC small-signal behavior and the system stability is
investigated. The active power controls include feedforward
control, AC power and DC power using Pl regulators.

2) The DC side impedance of an MMC connected to an OWF
is derived, including the impact of the aggregated OWF, for DC
side stability analyses. Based on the DC impedance, the impact
of the offshore MMCs on MTDC system stability is studied,
which has not been reported before.

3) The impact of HTS cables which has near zero resistance
on the MTDC system stability is analyzed.

4) An active damping method based on the circulating
current controller of the MMC is adopted to improve MTDC
system damping and stability.

The paper is structured in the following manner. Section |1
describes the four-terminal MTDC system under study, while
Section I11 presents a detailed DC impedance model. Section IV
focuses on impedance validation and stability assessments, and
Section V investigates the control strategy for improved
stability. Finally, Section VI draws the conclusions.

II.MTDC sYSTEM CONFIGURATION

Fig. 1 depicts the schematic diagram of a meshed four-
terminal MTDC system, connecting two onshore and two
offshore MMCs [25]. The onshore converters, MMC1 and
MMC2, are integrated into the AC grids via 352/400 kV

transformers. The power generated by each of the two OWFs is
transmitted through a 66/200 kV transformer, 200 kV rated AC
cables and a 200/352 kV transformer to the offshore MMCs.
The meshed 640 kV (320 kV) DC is formed by the four subsea
DC cables, connecting the onshore and offshore stations.

MMC3 Cable2 MMC2
‘K\ﬁ\ﬁ AC cable _";:} -|K:}
OWF1 l
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MMC4 MMC1
AC cable I/
SN 4@} 4Lf.} HD-0
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Fig. 1 Meshed four-terminal DC network

A. The configurations of MMC1-4

In the studied system, MMC1-4 have the same structure. The
structure and mathematical equations representing the
dynamics of the MMCs are detailed in [11] and not repeated

here.
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(d) The AC terminal control of MMC3 and MMC4
Fig. 2 The controllers of MMC1-4

Fig. 2 illustrates the main controllers employed by MMC1-4
in the studied DC network, which are discussed in more details
in the following paragraphs. MMC1-4 employ the same
circulating current control scheme depicted in Fig. 2(a), which
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effectively suppresses the circulating current setting the
references to O and utilizing a Proportional-Resonant (PR)
controller tuned at 2wo (100 Hz for 50 Hz AC system in this
study).

The onshore MMC1 regulates the DC voltage for the MTDC
system. Its AC side control is shown in Fig. 2(b), and it is

synchronized with the AC grid using a phase-locked loop (PLL).

The AC voltages and currents are transformed into a dq
reference frame based on the phase angle tracked by the PLL.
The DC voltage and the magnitude of the three-phase AC
voltage are controlled by PI controllers, and the outputs are the
dq current references (i.e., iarer and igrer) Of the inner current loop
control.

MMC2 directly controls its active power through the d-axis
current, and three different types of active power control are
presented in Fig. 2(c). The first type is voltage disturbance
feedforward control, where the current setpoint is directly
determined by the active power reference and the voltage at the
Point of Common Coupling (PCC). This type of control is
typically employed to fulfill the operational requirements of the
AC grid. The second type is AC active power feedback control
using a PI regulator. Unlike feedforward control, it allows for
adjustable response speeds of AC active power by tuning the Pl
parameters [26]. The last type is DC active power feedback
control, also utilizing a Pl regulator. This type can accurately
control the DC power in an MTDC grid [27].

For the offshore MMC3 and MMC4, the controllers are
designed to maintain the offshore AC terminal voltage and
frequency (e.g., constant V/f control) [14]. As seen, a constant
fundamental frequency wy is provided to the controllers in the
dqg frame. The outer loop control is responsible for regulating vq
and vq using Pl controllers, while the inner current loop
regulates the current, as shown in Fig. 2(d).

B. Offshore wind farm

The OWF is represented by an aggregated VSC, and its
structure and controller details are depicted in Fig. 3. The
components Ls, Ry, and Ct form an RLC filter, which is designed
to attenuate the harmonics resulting from PWM switching.
Subsequently, the converter is connected to the offshore station
through a boost transformer and AC cables. A classic current
loop control scheme is adopted, and a PLL is utilized to
synchronize the wind farm converter with the offshore AC

network.
J_— Lr R AC cable
VfdcT_ _{ ZZ

- | cl
Ifabc‘ f::[ "Vfabc
PWM 9_‘>ab°dq PLL
P Yy v yvv
_f>adeq . g g Vi Vig O

X
X

fd § 4 :
& m . Jdref
Vicond = L- A
oLlgg |
|

I
f

C()()Lflf q |
Y, fqref
5 I:. 53
Vtcong v ++ +

fq

X
X

Fig.3 Equivalent converter of the offshore wind farm

I1l. SMALL-SIGNAL IMPEDANCE MODEL

A.DC impedance of MMC1

The small-signal model of the MMC in the sequence frame
can be expressed as [11]:

dAicpnO :_& | _ NupnO v _ NIpnO AV _chpnO An
dt Lm cpn0 2|-m cupn0 2|-m clpn0 2Lm upn0
V
—— AnIpnO _iAvdc
2L, 2L,
dAchpnO — upn0 Ai IgspnO An

N, [
pn0 4 - cpn0
Gt c, “wmotge, Mt AN

+
upn0 upn0
m 2Cm

o))

dAVprnO —_ NIpnO . NIpnO A IcpnO IgspnO
dt - C cpnd 2C AIgspn()"- C Anlpn() - 2C A Ipn0
m m m m
dAIgspnO - NupnO AV + NIpnO AV _ Rm Al 7chpn0 An
dt - cupn0 L clpn0 L gspn0 upn0
Lmac mac mac Lmac

V.
cupn0 Anlpno _ L2 AV

mac 'mac

gspn0

where Lm, Rm, and Cn represent the equivalent inductor,
resistance, and capacitor on a single arm, respectively. L;
denotes the equivalent inductor of the transformer. The DC
voltage is denoted by vg.. In abc frame, the three-phase upper
and lower arm currents and voltages are represented by iyanc,
llabe, Vuabe, and Viane, respectively. The modulation ratios for the
upper and lower arms are denoted as Nyane and Niane, respectively,
which are determined by the controller. Veyane and Veiane represent
the sum of the SM capacitor voltages on the upper and lower
arms, respectively. vgsanc represents the AC voltage converted to
the converter side of the interface transform, icanc refers to the
three-phase common mode (CM) current circulating internally,
while igsanc represents the differential mode (DM) current
flowing into the AC terminal on the converter side of the
interface transformer. Lmac is the equivalent inductor through
which the CM current igsanc flows, and it is equal to (0.5Larm+Ly).
The subscript “pn0” represents the positive sequence, negative
sequence and zero sequence component in sequence frame. “A”
denotes small disturbance, and the symbols with the capital
letters denote steady-state values.

MMCL1 is integrated into the AC grid which is represented by
an inductor Lg; in series with a resistance Rg:. Consequently, the
voltage Avgspno in (1) can be obtained as:

AV, () B Ay, (5)
ngsn(s -2 j%)} T T Ligm(s ) ja)o)}
Z, =diag[ Lyys +Ry; Lyy(s—2jemp) + Ry, | /K¢
where k; is the voltage ratio of the transformer.

For the PR control in of frame as shown in Fig. 3(a), since

the zero-sequence circulating current is not controlled, the

transfer function of the circulating current control in sequence
frame can be expressed as:

An?p(s) _ GPR (S) O Aicp (S)
|:An2n (S)j| - |: 0 GPR (S)“:Alcn (S)i| (3)

Ger(s) =Ky, + 2K, L0051 (3° + 24m,5 + ) (4)

@

The controller of the MMC on the AC terminal in dq frame
can be derived based on the structure shown in Fig. 3(b) and is
generally represented as:

Anld (S) Aigd (S) Avgd (S) Gvdc (S)
{Anm (S)} =Gy |:Aigq (S)} +G g |:Ang (S)} +|: 0 :|Avdc (s) 5)
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where the controller of MMCL1 on the AC terminal in the dq
frame is characterized by the transfer functions Gidq and Gudg,
which describe the relationship between the AC current Aig, AC
voltage Avg, and the DM components of the modulation ratio
Ani. Additionally, there is a transfer function Gyq associated
with the DC voltage controller. These transfer functions are
typically derived and represented in the dq frame.

To incorporate the controllers into the MMC model, it is
necessary to transform the transfer functions from the dq frame
to the sequence frame. The relationship between the
components in the dq frame and the components in the

sequence frame is established through appropriate
mathematical transformations given as [28]:

x@®] [1 1]fe™ 0 |[x()

Lq(t)H—i J_{ 0 e”%ﬂxm} ©

Transforming (5) into sequence frame based on (6) and
combining (2) yields:

any9) [ i)
{Amn(s—zm) =G O i (s-2)ay)

:| + GvchVdc (S - on) (7)

where the matrices Gipn, Gvpn and Guac are the transfer functions
of the controller in sequence frame. It is found that the positive-
sequence current Aigp With frequency wy, the negative-sequence
current Aign With frequency (wp-2mo) and the DC voltage Avgc
with frequency (wp-awq) are coupled together through the DC
voltage control implemented on the MMC AC terminal.

The relationship between the MMC DC current Aigc and the
circulating current Aic can be depicted as [20]:

Al (8) =3Aiy(s) 8
where Al is the zero-sequence component of the circulating
current.

By substituting (2) and (7) into (1) and then expanding it, the
HSS model of the MMC can be obtained. The process of
establishing the HSS model has been extensively discussed in
[10] and [11], and is not reiterated here.

By solving the HSS model and combining (8), the MMC DC
small-signal impedance can be derived as:

Zymca (8 = ) = Avy (s — jeoy) /[3Aico(5 - Ja)o)] ©)

This impedance characterizes the small-signal behavior of
the MMC system on the DC terminal with considering the AC
circuit connected with the MMC.

B. DC impedance of the onshore MMC2

In MMC?2, active power control is implemented on the d-axis
in the dq frame. Three different active power control strategies
depicted in Fig. 2(c) are investigated. Among these strategies,
feedforward control and Pac with PI controller have similar
transfer function structures, with inputs including Aigd, Aigg,
Avgq, and Avgy. The transfer functions for these two controllers
follow the general expression shown in (5). Therefore, similar
procedures can be applied to derive the small-signal impedance
at the DC terminal.

The small-signal expression of DC power is expressed as:

AP, =V, Al + 1, AV, (10)
where Vg and lqc are the steady-state value of the DC voltage
and current, respectively.

By combining (2), (6), (8) and (10), the transfer function of
the AC terminal control including the Pgc control loop can be
expressed as:

A (s) Aig, (s) .
=G, +G, Z G, A -
{Anm(s—Zja)o) ( ipn + vpn Qac) Aign(s_zja)o) + Pdcv! Vdc(S on) (11)
+GPdciAic0(S - Ja)o)
where
CIE [IchPdc (s—Jjan) ! 2, 1,Gpg (s — jar) Z]T (12)
Gpyi = [WchPdc (5= jan) 12, Vy Gy (S— jay) Z]T (13)

Comparing to the DC voltage control described in (7), the
transfer function of Py control incorporates not only Aigpn, AVgpn,
and Avg but also the zero-sequence component of the
circulating current Aig. By substituting the submatrices of the
transfer functions Gipn+GupnZgac, Gpdev, and Gpdci, as specified
in (11), into (1), the MMC HSS model can be derived. Using
the HSS model, the DC impedance of MMC2 with Pg. control
can then be calculated.

C.DC impedance of the offshore MMC3 and MMCA4.

In order to accurately characterize the DC behavior of
MMC3 and MMC4, it is necessary to take into account the
influence of the OWFs on their AC sides by considering the
equivalent AC impedance of the OWFs. Based on [10] and [14],
the impedance matrix Zowrpn Of the OWF can be obtained. This
matrix is a 2 by 2 off-diagonal matrix in sequence frame that
describes the interdependence between small-signal positive-
sequence and negative-sequence currents and voltages at
different frequencies.

When OWFs are interconnected with MMC3 and MMC4, the
AC impedance connected with the MMC are expressed as:

_ 2
Zopn - ZOWFpn / kot + Zotpn + ZACcabpn

(14)
where Zgpn represents the impedance of the boosting
transformer connected with the OWF, and Zaccanpn iS the
impedance of the AC cables shown in Fig. 3. Noted that (14) is
a simplified representation, while the shunt capacitors of AC
cables are considered when calculating the overall impedance
Zopn, Which is an off-diagonal matrix and differs from the
diagonal matrix Zg.c of the AC grid impedance in (2). To
account for the frequency coupling of Zowrpn, each element of
Zopn is rearranged in the MMC HSS model. This rearrangement
ensures that the small-signal behavior of the offshore MMCs at
the DC terminal accurately captures the influence of the
frequency coupling characteristics of the OWFs.

By following the similar procedures in Section Il A, the
transfer functions of the AC terminal controllers for MMC3 and
MMC4 can be derived. Subsequently, the DC impedances
Zvmcs and Zmmca can be obtained.

D.Impedance of AC and DC cable

For the traditional DC cables, it is recommended to use a
parallel branch section rather than n-section for improving the
accuracy of replicating universal line model (ULM) behavior
[29]. One section is shown in Fig. 4.
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Fig.4 one single parallel branch section

Reference [29] demonstrates that five =n-sections are
sufficient to capture the dynamic characteristics of a long DC
cable. To ensure the model’s accuracy, the use of five sections
has been implemented in this work. As the cables have different
lengths, the parameters of one section for the DC Cable 1-4 are
different and represented as Rci,1-4, Re2,1-4, Re31-4, Reai-4, Le11-a,
Lez1-4 and Cci1.4. On the other hand, the offshore AC cable,
which is significantly shorter in length compared to the DC
cable in the HVDC transmission system and have a minor
impact on the stability of the DC network, is represented using
two m-sections.

E. DC network impedance model for stability assessment

For the MTDC system shown in Fig. 1, stability analysis can
be conducted at each DC terminal of the MMCs using
impedance-based method. Taking MMC3 as an example, when
considering the DC terminal, the DC impedance Zumcs of
MMC3 is derived in Section Il C. The rest of the overall
network of the DC system can then be represented by the
equivalent impedance Znes as illustrated in Fig. 5. Each DC
cable is represented by five parallel branch sections connected
in series. The values of Z¢.4 and Y14 for the four DC cables can
be calculated based on a single parallel section depicted in Fig.
4. Then, Znet3 can be obtained by the node voltage equations.

V1 V. V3 Vy \Y/ V

Ylall Cablel
ch

n iy
Zy CAQ Yo EYCZ YMZMMCL

Fig. 6 Small-signal equivalent circuit of MTDC system at MMC3.

Since MMC3 operates as a rectifier with DC current flowing
into the DC network and the DC voltage maintained by the

other converters in the MTDC system, MMC3 can be modeled
as a current source in parallel with Zumcs. The rest of the overall
network of the DC system can then be represented by the
equivalent impedance Zne3 in series with a voltage source, as
illustrated in Fig. 6. The DC current ig3 flowing from MMC3
to the DC network is given by:

id&:3 (S) = [i53 (S) _Vdc3 (S) / ZMMCs (S)] / [l+ Znet3 (S) / ZMMCS (S)] (15)
where is3(s) and vqcs(s) are the equivalent sources of MMC3 and
DC network, respectively. The stability analysis of the MTDC
system at the MMC3 terminal can then be conducted by
evaluating the Nyquist curve of Znes(s)/Zmmcs(s), taking into
account the right-half-plane (RHP) poles of Znes(s) and the
zeros of Zmmcs(s) [30]. It is important to note that for the MTDC
system, the stability at each converter connection point must be
examined.

IV. IMPEDANCE VALIDATION AND CASE STUDY
The system parameters are listed in Tables I-111.

TABLE |
ELECTRICAL PARAMETERS OF MMCS AND OWFS
MMC1-4 OWF1,2
Rated Active Power 1000 MW Rated Active Power 1000 MW
Rated AC Voltage 360 kv Rated AC Voltage 69 kV
Arm Inductance (L) 83.5 mH Filter Inductance (L¢) 2.3 mH
Arm Resistance (Rm) 0.07Q Filter Resistance (R¢) 0.024 Q
Arm Capacitance (Cn) 32.34 uF Filter Capacitance (Cy) 100.3uF
Connected Transformers
Rated Power 1270 MVA Rated Power 1270 MVA
Voltage Ratio onshore (k;) | 400/352 .
Voltage Ratio offshore (k)| 200/352 Voltage Ratio (o) 200/69
Leakage Inductance (L) 0.12pu | Leakage Inductance (L) | 0.12 pu
AC grid SCR 5 AC grid X/R 10
TABLE Il
DC AND AC CABLE PARAMETERS
XLPE DC cable
Re1 0.0633 Q/km Lo 0.2522 mH/km
Re2 0.0752 Q/km Leo 7.7346 mH/km
Res 0.0089 Q/km Les 3.7956 mH/km
1/Rcs 0.2334 pS/km C. 0.3564 pF/km
HTS DC cable
Luts ‘ 0.268 mH/km ‘ CHTS l 0.219 uF/km
Lengths of DC cables
Cable 1 160 km Cable 3 175 km
Cable 2 150 km Cable 4 65 km
Offshore AC cable
Rac 0.0109 Q/km Lac 0.41 mH/km
Cac 0.173 pF/km Length 6 km
TABLE Il

CONTROLLER PARAMETERS OF MMC1-4

MMCL | MMC2 [ MMC3 | MMC4
Current loop Ki/Kii 0.65/ 100 (pu)
CCC K/Kl¢ 0.8/100/0.01 (pu) [32]
PLL Kp||p/Kp||i 250/ 5000 (pU)
AC voltage control
Kup/Kai 1/10 (pu) N/A
DC voltage control 4150 N/A
Kaep/Keci (pu)
d- and g-axis voltage N/A
control Kp/Ki 5/100 (pu)

In this study, AC cables have been minimized since its
impact on the DC side stability is minimal. The parameters of
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the DC cables are obtained from experimental measures, and
the parameters of the equivalent ULM are derived according to
[31].

In Figs. 7 and 8, the solid lines represent the DC impedances
of the MMCs with different controllers, calculated using the
analytical models developed in Section Ill, while the dots
represent the measured impedances obtained from time-domain
simulations using frequency scanning. As shown, the dots
overlap with the lines, validating the accuracy of the developed
MMC DC impedance models.

A. Different active power controllers for MMC2

In the case of low wind condition and MMC2 operating as a
rectifier (feeding power to MMC1), OWF1 and OWF2 generate
0.2 GW and 0.15 GW of active power, respectively, which are
transmitted through offshore MMC3 and MMC4 converters
into the DC network. The onshore MMC?2 injects 0.65 GW of
active power into the DC network, while MMC1 with DC
voltage control absorbs almost 1 GW of active power from the
DC network to its AC side. The XLPE cables are used in this
case.

The DC impedances of MMC1- MMC4 are illustrated in Fig.
7, with MMC2 using active power feedforward control, i.e.,
(2Pre/3vq4). For MMCL, which adopts DC voltage control, the
black line in Fig. 7 exhibits lowest magnitudes at low
frequencies when compared to MMC2, MMC3 and MMC4. At
frequencies above 200 Hz, Zwmci, Zwmcz, Zvmcs, and Zumca
have similar magnitude and phase. This is because the
controller of the MMC has a negligible effect on the small-
signal behavior of the DC current and voltage. As a result, the
DC impedance at high frequency is equal to the total impedance

of the upper and lower three-phase bridge arms, i.e., 2(Ln+Rm)/3.
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Fig. 7 DC impedances of MMC1-4.

Fig. 8 illustrates the DC impedances of MMC2 under
different active power control schemes shown in Fig. 3(c) and
different parameter settings. The integral gains, Kiac and Kig,
are set to 40 times the proportional gains, Kpac and Kpec,
respectively. When Kpac and Kpge are altered, Kiac and Kigc are
adjusted accordingly. It is noteworthy that regardless of the
active power control type, all impedances exhibit identical
magnitudes at very low frequencies, approximately 633 Q,
which is approximately equal to the DC impedance under
steady-state conditions, i.e., (640 kV)"2/(0.65 GW). Moreover,
the phase angle is almost 0< indicating a resistive impedance.
At higher frequencies (above 200 Hz), all impedances become
inductive and are equal to 2(Ln+Rm)/3, consistent with Zwmmca,
Zvmcs, and Zymvca depicted in Fig. 7.

In Fig. 8(a), varying the gains of the P4 controller results in
impedances that are identical at most frequencies, apart from
frequencies around 35-90 Hz, suggesting that the system
response remains almost the same across these ranges. Some
impedance differences are observed between 35-90 Hz. As the
control gain increases, the impedance magnitude and phase
exhibit minor difference, i.e., higher peaks and lower valleys.
However, the phase angles of the impedances still range
between #90< indicating positive damping and beneficial
characteristics for system stability.

As shown in Fig. 8(b), despite the Pqc controller having a
much smaller control parameter value, it exhibits larger
impedance magnitude values compared to the impedance with
feedforward control below 30 Hz. Moreover, in this frequency
range, the frequency responses of Zmmcz exhibit characteristics
similar to that of a low pass filter. With increased Pg control
parameters, the “cutoff frequency” of Zmmcz also increases,
resulting in a faster response during dynamic events. However,
the phase angle becomes lower than -90< indicating negative
damping and reduced stability. Notably, when Kpq is set to 1
pu, the phase angle of the impedance in the frequency range of
5-30 Hz and 50-100 Hz falls to the range of 90<2270< which
further signifies negative damping and potential stability
concerns.

Impedance [Q] Impedance [Q]

3 7
AN 35159 10 e
_ m e 633 > 2
@ l—Kpac=1pu e I — - o
3, . \wp\’/ g X Kpdc=0.25pu /V/
—Kpac=5pu : —Kpdc=0.5pu
1009 « ; " s 1% ; ) s
10—~kpac=10pu| 10 10 10° 10— ipde=tpy | 10 10 10
1807 * | Phase 180 JPrefivd  |EDASe__
90 2Pref/3vd f\:v o00-000 90 bﬁv o000
0 A — ]
_\\\k 1
-90 oo -90
-180 -180 ; ;

107" 10° [Hz] 10 10 10° 10" 10° [Hz] 10 10° 10°
(a) Feedforward and P, control (b) Feedforward and Pg. control

Fig. 8 MMC2 DC impedances with different control and parameters
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Fig. 9 The Nyquist curves of Zpeis(S)/Zwmcs(s) with different Kpge

The stability assessment with MMC2 under Pgc control is
conducted, and the Nyquist curves are depicted in Fig. 9. As
seen, when Kpqc is set to 0.25 pu and 0.5 pu, the blue and red
curves do not encircle the point (-1, 0), indicating stable system.
However, both curves come very close to the (-1, 0) point at a
frequency of 218.65 Hz, suggesting weak damping around 218
Hz. In contrast, when Kpqc is increased to 1 pu, the green curve
encircles the point (-1, 0) with corresponding frequencies
ranging from 62.25-62.75 Hz. This indicates system instability,
and the resonant frequency is estimated to be around 63 Hz.

To validate the analysis results obtained from the impedance
model, EMT simulations in the time domain are conducted in
Matlab/Simulink. The system settings remain consistent with
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the description provided at the beginning of this section.
Average MMC models are used, and the DC cable is modeled
using the ULM.

Fig. 10 depicts the DC active power responses when a small
DC current perturbation is introduced through an additional
parallel current source on MMC2 DC terminal at 9 s. The
responses with different P,c control parameters exhibit nearly
identical behavior to the active power feedforward control.
Specifically, the active power undergoes low-frequency
oscillations (approximately 2.5 Hz) before reaching its final
steady state. This observation is consistent with the impedance
analysis in Fig. 8(a), which demonstrates that variations in Px
control do not affect the small-signal behavior of the DC active

power.
Pdc2 (MW)
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Fig.10 MMC2 active power response with P, control and feedforward control.
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Fig.11 MMC?2 active power response with Pg control and feedforward control.

Fig. 11 illustrates the DC active power responses under Pgc
control. As depicted in Fig. 11(a), the responses under Pgc
control exhibit faster dynamics compared to those under active
power feedforward control. Moreover, with higher Pgc control
parameters, the response becomes quicker. However, when Kpqc
increases to 1 pu, the system becomes unstable with a resonant
frequency of 63 Hz, as shown in Fig. 11(b). These simulation
results are consistent with the analysis findings from
impedances in Figs. 8(b) and 9, indicating that higher Pgc
control parameters result in faster responses of the DC active
power but may introduce stability issues at the DC terminal.

Moreover, all the responses in Figs. 10 and 11(a) display 218
Hz ripples and exhibit slow damping. This observation again
aligns with the impedance analysis in Fig. 8, where the MMC
DC impedance at 218 Hz is equivalent to 2(Ln+Rm)/3 and

resonates with the DC cable due to the limited damping at 218
Hz. This resonance phenomenon is also evident in the Nyquist
curves presented in Fig. 9, where all Nyquist curves at 218.65
Hz closely approach the critical point (-1, 0).

Similar findings are obtained when MMC2 operates in the
inverter mode with various active power levels, but these results
are not reiterated here.

B. Different distances between the offshore stations
Impedance [Q]

107 10% [HzZ] 10 10? 10°
Fig.12 MMC3 DC impedances with different power flows.

The DC impedances of the offshore converter, specifically
MMC3 and MMC4, with different transmitted active powers
from the OWFs into the DC network are depicted in Fig. 12. It
can be observed that due to the variation in transmitted active
power, the impedances at low frequencies differ. Additionally,
at higher active power levels, more parts of the phase fall
outside the range of -90=to 90 between 20-60 Hz, meaning
higher negative resistance, which poses a potential risk to
system stability [33]. Since both OWFs have a similar structure,
the impedance Zuwmca is approximately equal to Zmmcs and is not

presented again.
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Fig.13 Analysis with different lengths of Cable 4.
When the active power is 1 GW and the DC cable length

between MMC3 and MMC4 is 15 km and 65 km respectively,
the impedance of MMC3 Zuwmcs and the network equivalent
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impedance seen from the MMC3 terminal Zet3 are shown in Fig.

13(a). For the 15 km cable length, Zumcs intersects with Znets
around 35 Hz, and Ze3 exhibits negative resistance. Inversely,
for the 65 km cable length, Zns has positive resistance,
contributing to system stability.

The corresponding Nyquist curves are presented in Fig. 13(b).
It is clearly evident that the system remains stable when the
cable length is 65 km. However, when the cable length is
reduced to 15 km, the system becomes unstable, with a resonant
frequency of approximately 34.85 Hz. Furthermore, weak
damping is also observed at around 218 Hz caused by the
resonance between the MMCs’ arm impedances and DC cables,

which was also observed in Fig. 9.
MMCI1-MMC4 Pdc (GW)
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Fig. 14 The active power of MMC1-4 with 65 km Cable 4

Fig. 14 depicts the time-domain simulation for the scenario
where Cable 4 has a length of 65 km. The stability of the system
in simulation supports the validity of the impedance model
analysis. However, the unstable simulation result associated
with a 15 km cable length will be presented in Section V.

C.DC network with HTS cable at rated power
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Fig. 15 The DC impedances with XLPE cables and HTS cables.

In Section IV B, it concludes that the DC network remains
stable with the XLPE cables connection when MMC3 is
positioned far away from MMC4. The same condition is
maintained, but the normal DC cables are replaced with the
HTS cables which have ignorable resistances [34]. Fig. 15
compares the impedance Zwmcs and the network impedance
Zners With XLPE cables and HTS cables. It can be observed that
Zmmcs intersects with Zneis (With HTS cable) at around 34 Hz,
while both impedances exhibit negative resistance in this
frequency range. The negative resistances potentially lead to
stability issues in the system. Additionally, there is another
intersection at 256 Hz (purple line in Fig. 15). At this frequency,
Zumcs is predominantly inductive, approximately equal to
2(Lm+tRm)/3 at high frequencies, while Znes with HTS cable is
mostly capacitive since the damping in Znes is only provided by
the arm resistances of MMC1, MMC2, and MMC4, which are
very small. Consequently, the DC network exhibits extremely
weak damping at 256 Hz, and the damping is lower than that at

218 Hz with XLPE cables because the resistances of the XLPE
cables provide positive damping effect.

Fig. 16 depicts the Nyquist curve when the HTS cables are
implemented. Due to the near-zero resistance of the HTS cable,
Znetz has sharp resonance points above 100 Hz, characterized by
high magnitude and extremely sharp phase changes. This
results in the spikes in the Nyquist curve shown in Fig. 16.
Moreover, the curve encircles the point (-1, 0), indicating that
the system is unstable. To validate these findings, time-domain

simulations are presented in the next section.
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Fig. 16 The Nyquist curve with HTS cables.
D.DC network with HTS cable at low transmitted power
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Fig. 17 MMC2 DC impedances with different transmitted power.
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Fig. 18 The DC impedances with HTS cables at low transmitted power.
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Fig. 19 The Nyquist curve with HTS cables at low transmitted power.

In this scenario, each OWF generates 200 MW (0.2 pu) of
active power, which is transmitted through the DC network

using HTS cables. MMC2 employs feedforward control and
absorbs 0 MW from the DC network. Thus, MMC1, which is
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under DC voltage control, absorbs 400 MW (0.4 pu) from the
DC network. The DC impedance of MMC2 with feedforward
control in this scenario is compared to that in Fig. 8 and is
shown in Fig. 17. The main differences of the impedance occur
in the low frequency range. With 650 MW, the magnitude of
MMC?2 impedance at low frequency, represented by the yellow
line in Fig. 17, is approximately (640 kV) ~2/ (0.65 GW) = 630
Q. In contrast, with 0 MW, the magnitude of MMC2 impedance
at low frequency, shown by the red line in Fig. 17, is extremely
high. This near-infinite impedance at DC causes the power
flowing through MMC2 to be zero.

The DC impedance of MMC3 and the network impedance
Zqetz are shown in Fig. 18. Compared with the impedances in
Fig. 15, it can be observed that when the active power of the
OWEF is reduced, the negative resistance of Zumcs at around 30
Hz disappears, which prevents the stability issue in this
frequency range. However, at around 250Hz, there is still an
intersection of the magnitudes of Zmmcs and Zneis. Moreover, at
this frequency, Zmmcs is purely inductive and Znes is purely
capacitive. These characteristics result in a resonant system.
The Nyquist curve presented in Fig. 19 confirms the analysis
based on impedances. At around 256 Hz, the Nyquist curves are
extremely close to (-1,0), indicating critical stability at 256 Hz.

V. IMPROVE SYSTEM STABILITY

The negative resistance effect of the MMC DC impedance
can cause instability in the DC network. This challenge can
become more pronounced when using HTS cables with
negligible DC resistance. To improve system stability, it is
necessary to introduce positive resistance at concerned
frequencies. As the DC current is linked to the zero-sequence
component of the MMC circulating current, as indicated in (8),
the zero-axis control of circulating current in a0 frame or dq0
frame can significantly affect the DC impedance of MMC. Fig.
20 illustrates the proposed circulating current control, which
aims to improve the systeng) stability.

124
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Fig. 20 Proposed zero-sequence controller of the circulating current.

As seen, the zero-sequence controller of the circulating
current consists of a high pass filter (HPF) and a gain. The HPF
ensures that the controller has limited impact on the DC (low
frequency) components of the circulating current, allowing
adequate DC response. The gain, represented by the symbol K,
is used to introduce a virtual resistance at specified frequencies,
which is added to the system in order to counteract the negative
resistance to improve the stability of the DC network. For the
HPF, the gain at high frequencies is equal to K, which means a
virtual resistance of K Q is added to each arm of the MMC.
Consequently, for the DC terminal of the MMC, the additional
virtual resistance is 2K/3 Q. It is noted that in [12] the similar
controller is investigated to improve the AC impedance through
the harmonic coupling within the MMC. However, the zero-
sequence component of the MMC circulating current directly
affects the DC current. Therefore, using this controller to

reshape DC impedance is a more straightforward and effective
approach.

A. Improving system stability with Pq4c Control

In Fig. 8(b), it is observed that when the proportional gain
Kpae of MMC2 is set to 1 pu, the DC impedance of MMC2
exhibits negative resistance in the frequency range of 5-100 Hz.
This negative resistance causes instability in the DC system,
particularly at 63 Hz. To address this instability and improve
system stability, the proposed control strategy is implemented
in MMC2. The proposed control strategy utilizes a second order
HPF with a cutoff frequency of 20 Hz and a damping ratio £ of
0.707. The gain factor K is set to 15.

Fig. 21 illustrates the impedance characteristics with and
without the proposed controller. As seen, when the proposed
controller is applied, the negative resistance effect is eliminated
in the frequency range of 30-100 Hz. Moreover, the impedance
phase is reduced in the frequency range of 200-250 Hz. This
reduction indicates that the weak damping at 218 Hz shall also

be improved with the proposed controller.
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Fig. 21 Zymc, with and without proposed control.

The time-domain simulation result is presented in Fig. 22.
Prior to 9.5 s, the proposed controller is applied with a Kpqc
value of 1 pu, and the system remains stable. At 9 s, a
disturbance is introduced at the DC terminal of MMC2 to assess
the weak damping frequency. In comparison to the results
shown in Figs. 10 and 11(a), the presence of the proposed
controller in Fig. 22 eliminates the high-frequency ripple at 218
Hz. This is due to the additional positive damping provided by
the proposed control strategy. However, at 9.5 s, MMC2 reverts
to its original circulating current controller, and as a result, the
stability of the system deteriorates.

Pdc2 (MW
655 —— ——dc2 7R
ith proposed ¢ nr\lrn\’ Without proposed control
650 ‘ |
645
640 ! g ! !
9 9.5 10 10.5 1"

Fig. 22 With and without proposed control when Kpe=1.

B. Improving system stability with OWFs in close proximity

In Section IV B, the analysis revealed that the DC network
would become unstable when the two offshore stations are
located closely, e.g., at 15 km. To address this instability, the
proposed controller is implemented for MMC3, and Fig. 23
illustrates the impedance Zmmcs, clearly demonstrating the
elimination of negative resistance.
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Fig. 23 Zumcs with and without proposed control.
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Fig. 24 Active power of MMC1-4 with and without proposed control.

Furthermore, Fig. 24 presents the active power of MMC1-4
with and without the proposed control in time domain
simulation. Initially, with the proposed control, the
performance of MMC3 is improved, leading to a stable system.
However, after 9 s, MMC3 operates without the proposed
controller and consequently, exhibits resonance with MMC4 at
a frequency of 35 Hz, which further destabilizes the entire DC
network. These simulation results confirm the effectiveness of
the proposed controller and align with the analysis in Figs. 12
and 13.

C.Improving system stability with implementation of HTS
cables

In Section IV C, the impedance model analysis reveals that
the DC network becomes unstable when HTS cables are
implemented. To mitigate this instability, the proposed zero-
sequence controller is applied to both MMC3 and MMC4. The
time domain simulation results are shown in Fig. 25. Before 9
s, the system with HTS cables operates stably under the
proposed circulating current control. However, once the
proposed circulating control is removed after 9 s, the system
becomes unstable. This confirms the effectiveness of the
proposed control strategy. Moreover, a closer examination of
the zoomed-in portion of the waveforms reveals a resonant
frequency of 33 Hz and the presence of ripple at 256 Hz, which
align with the earlier analysis presented in Section IV C.
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Fig. 25 Active power of MMC1-4 with HTS cables
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D.Improving system stability under low transmitted power

To enhance system stability under conditions of low
transmitted power, the proposed control is implemented for
both MMC2 and MMCS3 to reshape the DC impedances at the
resonance frequency of 256 Hz, as shown in Figs. 18 and 19.
The impedances Zumcs with different K values are shown in Fig.
26, where K = 0 represents the impedance without the proposed
control. When K = 0, Zmmcs is equal to 2(Lm+Rm)/3, i.e.,
(0.05+j89.19) Q. Thus, the magnitude of Zmmcs is around 89,
and the phase is around 90< As K increases to 15, 30, and 45,
the virtual resistance added to Zmmcs increases accordingly to
10 Q, 20 Q, and 30 Q, respectively, resulting in complex
impedance values (10.05+j89.19) Q, (20.05+j89.19) Q, and
(30.05+j89.19) Q , with magnitudes around 90, 91, and 94, and
phase angles of 84< 77< and 71< respectively. These
theoretical calculations align with the values observed in Fig.
26, confirming that the proposed control method effectively
introduces virtual resistance in the high-frequency range,
characterized by a value of 2K/3.
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Fig. 26 Zmmcs with proposed control using different K values.

Fig. 27 shows Zumcs and Zneis With proposed control both
using a gain K=30. Comparing these impedances to those
shown in Fig. 18 reveals significant improvements: the phase
of Zmmcs is closer to 0= above 20 Hz, indicating increased
damping. Additionally, with the proposed control applied to
MMC2, the resonance magnitude of Znes decreases and the
phase shift at the resonance frequency becomes smoother
compared to Fig. 18, which results in Z.is having a phase
greater than -90<around 256 Hz. These enhancements in the
phases of both Zmmcs and Zneis contribute to an overall
improvement in system stability.
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Fig. 27 Zymcs and Znes With proposed control.
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Fig. 28 Active power of MMC1-4 when MTDC transmits low power.

Fig. 28 depicts the results of the time-domain simulation. The
system operates stably with the proposed control for MMC2
and MMC3 before 9 s. Subsequently, the proposed control is
disabled, and a small disturbance is introduced. It is apparent
that without the proposed control, the system resonates at 256
Hz. This reaffirms the effectiveness of the proposed control in
improving the stability of the MTDC system under conditions
of low transmitted power.

VI. CONCLUSION

This paper has developed a comprehensive DC impedance
model for the MMC in the context of a four-terminal meshed
DC network. Various types of controllers, including grid
forming control for offshore stations connected to OWFs, DC
and AC voltage control, PLL, inner current loop, and active
power control, are considered and incorporated into the model.
The DC impedance of the MMC is also derived for the different
AC circuits for which the MMCs are connected with, such as
AC grids and OWFs. Based on the impedance model, the
stability of the four-terminal DC network is evaluated. The key
findings of the study are as follows:

1. Comparing the three different types of active power
controls, it is observed that Pac with PI control has a similar
control effect to feedforward control (2Pye/3vg) in terms of
the DC active power response. Pq4c with PI control exhibits
a faster response even using lower Pl parameters but can
easily lead to stability issues.

2. The MMC controlling OWFs can introduce stability issues
on the DC side within the MTDC system, particularly when
they are in close proximity. The resistance of DC cables
can help mitigating resonance and enhance system stability.

3. The implementation of HTS cables can exacerbate the
stability issues in the DC network, unless mitigating
control strategies are employed. HTS cables, characterized
by their near-zero resistance, result in reduced damping for
the DC system. In particular, at high frequencies (above
200 Hz), the resonance between the MMC and HTS cables
exhibits minimal damping. This is attributed to the fact that
the MMC impedance is approximately equal to 2(Ln+Rm)/3,
while HTS cables are unable to provide adequate damping

effect. Mitigating control strategies have been
demonstrated as relatively easy to implement for these
effects.

4. The zero-sequence control of the circulating current plays
a crucial role in shaping the DC impedance of the MMC.
Accordingly, the MMC’s DC impedance can be reshaped
by introducing additional damping at specified frequency
ranges to improve the overall system stability.
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