
Abstract

The paper studies the stability issue in a multi-terminal HVDC grid where multiple vendors implement different control strategies
for DC voltage regulation. Small-signal analysis reveals the effects of the droop gain values of two control options, with one
showing better robustness than the other. The effects of the response time of the outer control loops as well as those of the DC
reactors are also investigated. The results of the small-signal analysis are supported by EMT simulations.

1 Introduction

Multi-terminal DC (MTDC) grids have garnered significant
attention over the past decade as an efficient means of
transferring a large amount of electricity from offshore wind
farms. In comparison with point-to-point links, MTDCs offer
superior reliability, efficiency and controllability [1, 2]. The
planned MTDC projects will start with few connections and are
expected to expand in terms of both the number of connections
and the meshing level as the power capacity increases. In this
context, multi-vendor grids comprising converter stations with
plug-and-play capability are required [3], where the stability
challenges have been identified [4–6]. In particular, it is
probable that each vendor will implement the internal converter
control without sharing all the information due to Intellectual
Property (IP) concerns. However, the smooth harmonization
between each vendor’s specific control is key for a stable and
reliable operation of DC grids.

Similar to frequency in AC systems, the DC voltage is the
main indicator for power balance in DC systems. In addition,
the DC voltage control is also organized in a hierarchical
structure with primary, secondary and tertiary control layers
[6, 7]. The methods at the primary level are categorized into
master-slave control, voltage-margin control and droop control
[7]. With the increasing expected number of terminals, DC
voltage droop control is likely to be the preferred control
strategy. By applying a proportional action on the DC voltage
deviation, all droop-controlled stations participate in the DC
voltage regulation after a power mismatch. Consequently , DC
voltage droop control offers more reliability and redundancy
compared to the well-known master-slave control which is
more common in point-to-point links. Thus, the DC voltage

droop control has been extensively studied in the literature
[8–10].

The choice of the droop gain has been a subject of extensive
research, which can be divided into two main classes: fixed
droop gain and adaptive droop gain [8]. Fixed droop methods
rely on assigning a constant droop gain to converter stations,
regardless of their operating conditions and available reserves.
However, this method is deemed unreliable, especially when
converters need to operate at or near their rated conditions
to achieve a higher capacity factor. Unlike synchronous
generators in AC systems, where the Transmission System
Operators (TSOs) mandate a sufficient reserve to ensure
effective participation in frequency regulation [11], MTDC
systems are typically considered as investments and converter
stations are likely to operate close to their rated conditions.
Hence, ensuring a flexible reserve to support the DC voltage
regulation poses a significant challenge, particularly given
the initially small number of planned connected stations
for MTDCs. On the other hand, adaptive droop methods
determine the droop gain based on various constraints, such
as the proximity to converter limits and the strength of the
connected AC system [8, 12, 13]. Nevertheless, these methods
primarily address static considerations related to the droop
gain, specifically its impact on steady-state power contributions
in response to DC voltage mismatches.

One aspect that has received relatively less attention is the
dynamic implications of the droop gain. In AC systems, the
selection of the droop gain for frequency regulation primarily
focuses on static considerations. This is because synchronous
generators typically exhibit slow response times, making
the stability implications of the droop gain less concerning.
However, in a DC grid, rapid power responses can potentially
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lead to an excessive DC voltage deviation with more severe
transients. Consequently, understanding and optimizing the
dynamic effects of the droop gain in a DC system become
crucial for ensuring overall system stability. In addition to the
droop gain, the system stability also depends on other control
parameters, such as the tuned response time of the inner power
and voltage loops.

In a multi-vendor MTDC system, the implementation of
the internal converter control and primary control is under
the vendor’s responsibility. Different realizations of the DC
voltage droop control have been identified in [14]. In [15],
stability assessment of some implementation options was
carried out. Moreover, the interactions between different droop
control strategies is a major interoperability issue. In [16],
the interaction between different droop implementations was
studied with a focus on VSC-based MTDCs. The results show
that active power transfer capability is affected by the different
combinations of droop control implementations.

The aim of this study is to assess the stability of
Modular Multilevel Converter (MMC)-based MTDC system
encompassing two different droop control implementations.
The MMC is considered since it is the preferred converter
topology for future MTDC expansion plans thanks to its
modularity, efficiency and reliability. We will identify the
implications of the droop gains when different control
implementations coexist in an MTDC. The effect of the tuned
response time of the inner control loops is also investigated.
In addition, since one important protection element for future
MTDCs is the DC breakers equipped with large DC inductors
to limit fault currents [17], we also investigate the effects of
large DC inductors connected at the terminals of converter
stations on the dynamic performance and stability of the DC
system. The main contributions of this study are:

• Identify the main oscillatory modes of an MMC-based
MTDC system by means of a comprehensive small-signal
analysis.

• Investigate the implications of the droop gain values,
considering two droop implementation options present in
a single DC system.

• Study the effect of the DC reactor size on the dynamic
performance and stability of the MTDC, taking into account
the two droop control options.

2 System modeling

The MMC model retained throughout this study is the Arm-
Average Model (AAM) [18, 19] shown in Fig. 1, where the
internal dynamics of the MMC are represented by 6 capacitors
of size Ceq, one for each arm and in series with an inductance
Larm and a resistance Rarm. The AC terminals of the MMC
are interfaced with the AC grid by an equivalent RL circuit
denoted by Rtr and Ltr, respectively.

Fig. 1: Topology of a Modular Multilevel Converter.

Applying Kirchhoff’s voltage law to phase k ∈ {a, b, c}, the
following equations are deduced:

vdc
2

− vu
k − Larm

diuk
dt

−Rarmiuk − Ltr

diΔk
dt

−Rtri
Δ
k = vg

k

−vdc
2

+ vl
k + Larm

dilk
dt

+Rarmilk − Ltr

diΔk
dt

−Rtri
Δ
k = vg

k

(1)

with iΔk = iuk − ilk.
By introducing the following variables with superscripts Σ

and Δ, as in [20],

iΣk = (iuk + ilk)/2, vΔ
k = (−vu

k + vl
k)/2, vΣ

k = (vu
k + vl

k)/2
(2)

equation (1) can be rewritten as:

Lac

diΔk
dt

= vΔ
k − vg

k −Raci
Δ
k

Larm

diΣk
dt

=
vdc
2
−vΣ

k −RarmiΣk (3)

where Lac = Ltr + Larm/2 and Rac = Rtr +Rarm/2 represent
the equivalent AC-side inductance and resistance, respectively.

The equivalent arm capacitors are charged or discharged
depending on the current direction. Formally, we have

Ceq

dvu,l
Ck

dt
= iu,lCk (4)

The inserted voltages vu,l
k are calculated from the

modulations indices and the equivalent capacitor voltages as
vu,l
k = mu,l

k vu,l
c . Similarly, the inserted currents iu,lCk charging

the arm capacitors are calculated as iu,lCk = mu,l
k iu,lk .
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By introducing the following notations

vΔ
Ck = (vu

Ck − vl
Ck)/2, vΣ

Ck = (vu
Ck + vl

Ck)/2

mΔ
k = mu

k −ml
k, mΣ

k = mu
k +ml

k (5)

Equation (4) can be rewritten as:

2Ceq

dvΔ
Ck

dt
= mΣ

k

iΔk
2

+mΔ
k i

Σ
k

2Ceq

dvΣ
Ck

dt
= mΔ

k

iΔk
2

+mΣ
k i

Σ
k (6)

The park transformation is then applied to Eqs. (3) and (6) to
obtain a time-invariant representation of the system [20], which
is then linearized for the small-signal analysis.

3 MMC control

3.1 Inner control

The control of the MMC is depicted in Fig. 2. The inner control
regulates the arm currents by generating the references for the
modulation indices. The AC current control of the MMC is
identical to that of a 2-level VSC, which is based on decoupling
the dq components of the current and using a PI controller to
follow the current references.

vΔ∗
d = kiΔ

p (iΔ∗
d − iΔd ) + εiΔ

d
+ vg

d − ωLaci
Δ
q

vΔ∗
q = kiΔ

p (iΔ∗
q − iΔq ) + εiΔq + vg

q + ωLaci
Δ
d

where εiΔ
d

and εiΔq are the corresponding integral states of the
dq current controllers.

dεiΔ
d

dt
= kiΔ

i (iΔ∗
d − iΔd ) (7)

dεiΔq
dt

= kiΔ

i (iΔ∗
q − iΔq ) (8)

The PLL dynamics are assumed ideal in this study, hence
the perfect decoupling between the dq-axis quantities. In this
study, the Non-Energy-Based Control is adopted [21], where
the the internal energy of the MMC is not explicitly controlled.
Instead, a pair of PI controllers are used to suppress the
negative-sequence double-frequency harmonics, as shown in
Fig. 2. The output of the iΔ and iΣ controllers are used
to generate the inserted voltage references vΔ∗

dq and vΣ∗
dq ,

which in turn are divided by the DC voltage to generate
the corresponding modulation indices by means of direct
modulation [22].

3.2 Outer control

The outer control is responsible for regulating the DC voltage,
and it generates the current references for the inner control
loops accordingly. In this layer, two possible droop control
options are considered, as depicted in Fig. 2. In scheme A,
the droop gain is acting on the DC voltage control error
to generate the AC power reference, and the AC power is

controlled in closed loop by a PI control that generates the d-
axis current reference. In scheme B, the droop gain acts on the
AC power control error to generate a DC voltage reference,
which is to be realized by a PI controller. To represent the
integrator dynamics, an additional state equation is added to
the state-space model:

dεP
dt

= kP
i

( −1

kdroop
(vset

dc − vdc) + P set
ac − Pac

)
(9)

if scheme A is used; or

dεvdc
dt

= kvdc
i (−kdroop(P

set
ac − Pac) + vset

dc − vdc) (10)

if scheme B is used.
Based on (9) and (10), the reference for the d-axis current

can be calculated:

iΔ∗
d = εP + kP

p

( −1

kdroop
(vset

dc − vdc) + P set
ac − Pac

)
(11)

if scheme A is used; or

iΔ∗
d = εvdc + kvdc

p (−kdroop(P
set
ac − Pac) + vset

dc − vdc) (12)

if scheme B is used.
In [23], the two control options showed the same steady-

state response. Thus, the aim of this study is to investigate the
dynamic implications of the two controls.

The reference for the q-axis current iΔ∗
q is normally

generated by a reactive power loop or an AC voltage control
loop. Since the reactive power is not the focus of this paper,
iΔ∗
q will be kept zero here.

4 MTDC system description

The three-terminal DC grid in asymmetrical monopole
configuration shown in Fig. 3 is used to conduct the analysis,
where Station 1 uses Scheme A while Station 2 uses Scheme
B. The third terminal is connected to an ideal power source
in parallel with a capacitor C3, which serves as a simplified
representation of a station operating in constant power mode.
The key parameters of the system are given in Table 1. For ease
of analysis, a lumped DC capacitor is used to represent the DC
cables. The DC-voltage dynamics are represented by:

Cdc

dvdc
dt

=
Pext

vdc
− idc1 − idc2 (13)

where idc1 and idc2 are defined as in Fig. 3.
The closed-loop MIMO system in Fig. 3 is obtained by

interconnecting and linearizing the respective subsystems. In
order to validate the linearized model, a comparison with
the original non-linear system simulated in EMTP-RV is
conducted. A step change in the power injection of station
3 Pext is introduced at t = 3.5 s. As shown in Fig. 4, the
linearized model captures the dynamics of the EMT system and
is thus validated for further small-signal analysis.
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Fig. 2: MMC Control architecture.

Table 1 System parameters.

Pnom 1000 MW vnom
dc 640 kV

vnom
ac 400kV RMS L− L Carm 32.55 μF

Rarm 80 mΩ Rtr 0.512 Ω

Ltr 58.7 mH C0 1 μF

Larm 48.9 mH Cdc 20 μF

τP 50 ms τ vdc 50 ms

Station 1 Station 2

V

Fig. 3: 3-terminal HVDC system under study.

5 Small-signal analysis

5.1 Effect of the droop gain

This subsection highlights the stability implications of the
droop gain, especially when different implementation options
are considered.

Fig. 5 shows the eigenvalues trajectories with different
values of kA

d of Station 1, while kB
d of Station 2 is kept

constant at 0.1 pu. It can be seen that, as kA
d decreases, the

pair of dominant poles migrate to the Right Half Plane (RHP)
inferring system instability when kA

d = 0.005 pu. This can
be explained by considering the droop control loop shown in
Fig. 2. In fact, a low value of kA

d amplifies the gains of the
power control loop for the same variation of the DC voltage,
hence increasing the closed-loop bandwidth of the power loop.
This may seem beneficial since the system reaches the steady
state faster. However, a larger closed-loop bandwidth of the

(a) DC Voltage (b) AC Power of station 1

(c) AC Power of Station 2

Fig. 4: Validation of the linearized system.

Fig. 5: Eigenvalues trajectories with different values of kA
d

while kB
d = 0.1 pu.

power loop also implies more undesirable interactions with the
inner current loop. Thus, a decreasing kA

d would eventually
destabilize the system.

To see the participation level of the different states in
the dominant poles λ5,6, the results of a participation factor
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Fig. 6: Participation factor analysis of λ5,6.

Fig. 7: Eigenvalues trajectories with different values of kB
d

while kA
d = 0.1 pu.

analysis are shown in Fig. 6, where λ5,6 are linked to the DC
voltage and the DC currents.

The eigenvalues trajectories when changing kB
d while kA

d =
0.1 pu is shown in Fig. 7, which indicates a stable system for
the whole considered range of kB

d , i.e. 0.01 ≤ kB
d ≤ 0.9. It is

worthnoting that system remains stable at both low and high
droop gain values, with the intermediate range posing the sole
potential risk of instability.

5.2 Effect of the response time of the outer control loops

This subsection investigates the stability implications of the
tuned closed-loop response time of power τP

r for station 1
and the tuned closed-loop response time of DC voltage τVdc

r

for station 2. The results with a variation of kA
d under two

values of τP
r is given in Fig. 8, which show that, as the power-

loop bandwidth decreases, i.e. with a higher value of τP
r , the

minimum stable value of kA
d decreases. In particular, choosing

kA
d = 0.005 pu used to result in instability with τP

r = 50 ms,
but no longer poses any stability risk when τP

r is increased to
100 ms. However, this comes at the cost of an overall slower
power response.

Similarly, we change kB
d for different values of τVdc

r . The
result in Fig. 9 shows that, as τVdc

r increases, λ5,6 move further
to the left of s plane, thus reducing the risk of instability.
This result is in line with the intuition that, when the outer
DC voltage loop has a slower response, its interaction with
the inner current control is minimized. Moreover, as τVdc

r

Fig. 8: Eigenvalue trajectories for the variation of kA
d

considering different values of τP
r .

Fig. 9: Eigenvalue trajectories for the variation of kB
d

considering different values of τVdc
r .

increases, the impact of varying kB
d becomes marginal, as the

eigenvalues moves little when kB
d changes.

6 Effects of DC reactors

In this section, the effects of the size of the DC inductance on
the system stability are investigated. Furthermore, we explore
the relationship between the feasible values of droop gains and
the potential limitations imposed by the DC reactors.

Fig. 10 depicts the modified MTDC system where two
inductors of values LDCCB are introduced to represent the
DCR. A small capacitance is added to the terminals of stations
1 and 2 to distinguish their respective DC voltages. Thus, four
additional state variables are added to the small-signal model,
namely IDCCB1, IDCCB2, vdc1 and vdc2, while the previously
defined DC voltage vdc corresponds now to the voltage at the
terminals of station 3 vdc3, whose connection to Cdc has no DC
breaker.

Fig. 11 shows the Bode magnitude diagram of the transfer
function Δvdc3/ΔPext for three values of DCR size, with

5
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Station 1 Station 2

V

Fig. 10: 3-terminal HVDC system with DCCB.

Fig. 11: Bode diagram of the transfer function Δvdc3
ΔP3

for
different values of LDCCB.

Fig. 12: Bode diagram of the transfer function from vdc1, vdc2
and vdc3 to P3, with LDCCB = 200 mH.

kA
d = kB

d = 0.1 pu. A higher resonant peak is observed as
LDCCB increases. The resulting higher resonant peaks indicate
a deteriorated damping at the corresponding frequency. The
Bode diagram of the DC voltages of the three stations to a
power disturbance from station 3 is shown in Fig. 12, where the
highest resonant peak is observed at vdc3 compared to vdc1 and
vdc2. In fact, a higher inductance value increases the electrical
distance between the stations, which delays the response of
the DC voltage control loop of Stations 1 and 2 to the power
disturbance from Station 3, making vdc3 more susceptible to
deteriorated damping. This confirms the results of [24], which
pointed out the necessity of a sufficient number of DC voltage
droop-controlling stations in an MTDC to damp the DC voltage
oscillations.

The effect of the DCR size considering different values of
kA
d and kB

d is shown in Fig. 13, which gives the maximum
magnitude of the frequency response of the transfer function

(a) (b)

Fig. 13: Maximum resonant peak of the frequency response of
the transfer function Δvdc3/ΔP3 with different values of kA

d ,
kB
d and the DCR size.
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Fig. 14: Simulation results on the effect of varying kA
d .

Δvdc3/ΔPext. Note that both kA
d and kB

d only slightly impacts
the trend observed in Fig. 11.

7 Simulation results

In this section, the conclusions of the above small-signal
analysis are verified by time-domain simulations on the EMT
model implemented in EMTP-RV in Fig. 3, where the MTDC
is connected in an asymmetrical monopole configuration.

The original operating point corresponds to no power flow
in the MTDC. In the first scenario, a 0.5 pu step increase
in the power reference of Station 3 is introduced at t = 3
s. Different values of kA

d are tested with kB
d = 0.1 pu. The

results in Fig. 14 shows a clear trend: the system’s damping
degrades as kA

d decreases. At kA
d = 0.005 pu, the system

becomes unstable. This observation is in line with the findings
of the small-signal analysis, which indicated the lower limit of
kA
d = 0.005 pu that could lead to instability. Note that the PI

controllers implemented in the EMT model are equipped with
anti-wind scheme that limit the controller output. However, the
persisting oscillations infer instability at kA

d = 0.005 even if
the oscillation are not growing in magnitude.
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Fig. 15: Simulation results on the effect of varying kB
d .

In the second scenario, kB
d is varied, with kA

d = 0.1 pu.
The results in Fig. 15 shows that the system remains stable
for the entire considered range of kB

d , as predicted by the
small-signal analysis. This stability is maintained even at low
values of droop gain (kB

d = 0.005 pu), an unstable value for
kA
d of Station 1. This shows the better robustness of scheme B

compared to scheme A.
To test the effect of the DCR size on the transient response

of the system. The setup depicted in Fig. 10 is considered. A
0.5 pu power reference increase in station 3 is introduced at
t = 3 s. Fig. 16 shows the DC voltage measured at the terminals
of station 3 for different combinations of droop gains and DC
reactor values. The global trend shows a deteriorated damping
in the transient as the DCR size increases. However, the system
remains stable even after the abrupt transients. This trend is
observed for different values of kA

d and kB
d , as already shown

by the small-signal analysis in Fig. 13.

8 Conclusions

This study of small-signal stability of an MTDC grid
investigated two droop control options: Schemes A and B. We
revealed that Scheme B outperforms Scheme A in maintaining
system stability at lower droop gain values, supported by small-
signal analysis and time-domain simulations. The tuning of PI
controllers in the power loop of Scheme A and the DC voltage
loop in Scheme B was identified as a crucial factor affecting
the feasible range of droop gains. Additionally, a larger DC
reactor size could negatively affect the transient response of
the system, especially for the DC voltages measured at the
terminals of power controlling stations. In the future, dedicated
controllers to damp the oscillatory modes should be considered
to ensure a robust MTDC system operation.
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Fig. 16: Simulation results on the effect of the DCR value on transient DC voltage response at station 3.
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