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Stability-Constrained Adaptive Droop for Power
Sharing in AC-MTDC Grids
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Abstract—A secure operation of AC-MTDC grids following an
(N-1) contingency (e.g. converter outage), is of a major concern
for the system planners and operators. For the case of converter
outage, the concept of adaptive droop control enables the healthy
converters to share the burden of power mismatch in an effective
manner. However, certain settings of the droop coefficients may
lead to instability of the AC grid where multiple converters are
connected and one of them goes out. This paper proposes a
stability-constrained adaptive droop approach for autonomous
power sharing following the outage of a converter in an MTDC
grid. A Trajectory Sensitivity Analysis (TSA)-based approach
is presented to impose the constraints on the adaptive droop
gains, which can be an outcome of Dynamic Security Assessment
(DSA) performed by the system operators. The robustness of the
proposed approach for post-contingency system is demonstrated
through nonlinear time-domain simulation results using models
developed in MATLAB/Simulink.

Index Terms—Adaptive Droop, Dynamic Security Assessment
(DSA), Multiterminal DC (MTDC) Grids, Power Sharing, Tra-
jectory Sensitivity Analysis, Voltage Source Converter (VSC).

I. INTRODUCTION

W ITH a significant increase in the penetration of re-
newable energy in modern power grid, a substan-

tial research attention has been focused on multiterminal
DC (MTDC) grids, which typically include voltage-source
converter high-voltage DC (VSC-HVDC) transmission sys-
tems [1]. Similar to the AC grids, a secure operation of AC-
MTDC grids following a single-point failure i.e. an (N-1)
contingency, is of a major concern for the system planners
and operators. The focus of this paper is the secure operation
of such systems following a converter outage.

In literature, the concept of droop control has been pro-
posed to share the burden of power mismatch among the
healthy converters following such a contingency [2]–[4]. In
the primary level, a fixed predetermined voltage-current or
voltage-power droop characteristic has been used, which is
based on the individual ratings of the converters. When a fixed
set of droop coefficients are used, system planners can perform
offline planning studies to ensure that the AC-MTDC grid is
secure following a converter outage.

As opposed to the fixed droop constants, in [5] the au-
thors have proposed an adaptive droop control scheme for
appropriate power sharing by taking into account the available
headrooms of the converters to avoid possible overloading. The
idea of adaptive droop has gained popularity in the areas of
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MTDC [6]–[17] and microgrids [18], [19] among others [20].
In [6]–[8], the droop coefficients of the MTDC grid were
designed based on a DC optimal power flow (OPF). In [9],
the adaptive droop controller is implemented by considering
the effect of the DC cable dynamics. Marten et al in [10],
proposed a new p − v characteristic-based adaptive control
for local DC-nodes to meet the grid requirements. In [11],
an adaptive droop is proposed to support hierarchical control
strategy for MTDC networks with large-scale penetration of
renewable energy and battery storage. A Model Predictive
Control (MPC)-based coordinating droop controller for MTDC
grid is proposed in [12]. An adaptive droop DC-bus voltage
controller for grid-connected VSC with an LCL output filter
in renewable energy application is presented in [20] and the
optimized adaptive droop schemes are used for MTDC grid
connected to offshore wind farms in [13], [14]. In [15], the
adaptive droop coefficient for power sharing in MTDC grid is
calculated based on the AC grid frequency, whereas in [16],
available power headrooms and voltage rating of the converters
are considered, which is an extended version of the one
proposed in [5].

Although, the concept of adaptive droop control has been
applied in MTDC grids, none of [6]–[16] have considered
the stability constraints of the droop coefficients. A few
papers [17], [21]–[23] have tried to address this issue. A fuzzy
logic-based adaptive droop controller utilizing the available
power capacity of the converters is proposed in [17]. In [21]
an accurate power sharing control scheme is proposed using
the communication of Power Sharing Index (PSI) between the
neighboring converters. References [17] and [21] analyzed the
stability of the system with variation in the droop coefficients
using the traditional small-signal analysis.

Thams et − al in [22] have studied the effectiveness of
different droop controllers using the Active Power Transfer
Capability (APTC). A methodology is also proposed to iden-
tify the acceptable operating points of the system based on
voltage and current limits, damping ratios of the eigenvalues,
and maximum DC voltage deviation using the linearized model
of the system. References [17], [21], and [22] did not consider
the dynamic model of the AC system connected to the MTDC
grid. In [23], the effect of converter outage on the AC system
dynamics of an AC-MTDC grid is analyzed using Singular
Value Decomposition (SVD) based on the linearized model of
the system, which builds on the SVD-based method originally
proposed in [24] to analyze the DC-side dynamics of an
MTDC grid.

When the droop constants are varied online as proposed
in [6]–[14], [17], it is imperative to ascertain the region
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of stability in the multi-dimensional droop coefficient space.
Although [17], [21]–[23] are significantly important in under-
standing the impact of droop constants on system stability,
they have the following limitations -

1. References [17], [21], and [22] used eigenvalue analysis
that did not take into account converter outage. Refer-
ence [23] modeled converter outage using a disturbance
transfer function and relied on SVD-based analysis rooted
in linear control theory. Scope of such analysis is limitted
to oscillatory instability problem - not the first swing sta-
bility issue stemming from lack of synchronizing torque.

2. More importantly, following a converter outage, the
nonlinearity and nonsmooth nature of system response
becomes significantly pronounced due to large transients,
limit hitting in converter controls, and other regulators in
the AC system. Therefore, the validity of linear control
theory (e.g. eigenvalue analysis, SVD, etc.)-based stabil-
ity constraints become questionable.

We pose the problem at hand as the so-called Dynamic
Security Assessment (DSA) problem where the goal is to
determine the stability constraints of the adaptive droop co-
efficients following a converter outage (i.e. N-1) contingency.
Trajectory Sensitivity Analysis (TSA) has been applied for
DSA of traditional AC system [25] - we propose to extend this
approach for the AC-MTDC grid to determine these stability
constraints.

TSA works based upon linearization of the system around
trajectories rather than an equilibrium point [25]–[27]. The
distinct advantages of TSA are: (a) it enables determination of
parametric influence on the nonlinear and nonsmooth behavior
of a power system [25]–[27], (b) it is not limited by the
complexity of the model, and (c) the computational overload is
minimized if implicit integration techniques are used [26]. As
the system becomes more stressed, the sensitivity of the state
trajectories with respect to parameters increases significantly,
which can be used to determine the stability constraints of
the parameters [25]. We propose to apply this property for
evaluating the region of stability in the multi-dimensional
droop coefficient plane following the converter outage.

The paper is organized as follows: following this introduc-
tory section, Section II briefly touches upon the modeling of
the AC-MTDC grid. Autonomous power sharing using the
adaptive droop approach is introduced in Section III. Section
IV presents the proposed stability-constrained adaptive droop
approach. The nonlinear time-domain simulation results of the
study system developed in MATLAB/Simulink are discussed
in Section V. Finally, Section VI concludes the paper.

II. MODEL OF AC-MTDC GRID

Figure 1 shows the study system used in this paper, which
includes three asynchronous AC systems connected to a 4-
terminal bipolar MTDC grid with metallic return network
where converter station #1 has its mid-point grounded with
a resistance. The test system data can be found in [28].
The modeling philosophy of the AC and the DC grids are well-
reported in literature – a very brief description is included here
for the sake of completeness of this paper.
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Fig. 1. Single-line diagram of the test system: Asymmetric bipole MTDC
grid connected to three asynchronous AC systems.
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Fig. 2. Schematic of ith converter station of the MTDC grid. To simulate
the outage of any converter pole (positive or negative), the respective AC and
DC side circuit breakers (ACCB and DCCB) are opened.

A. AC Grid Model

The AC systems are modeled in a fundamental frequency
phasor framework. The models of its components are summa-
rized below.
Generator Model: As shown in Fig. 1, there are 6 syn-
chronous generators (SGs) (G1-G6) in the AC grids connected
to the MTDC system. The SGs are represented by sixth-
order sub-transient model [29] in synchronously rotating d−q
reference frame. Each SG is equipped with an IEEE-DC1A
exciter [30] and a governor.
Load Model: The loads are represented by static models
where the real part is of constant current type and the reactive
part is of constant impedance type.
AC Network Model: The AC network is modeled alge-
braically using a Y -bus matrix in a current injection frame-
work.

B. MTDC Grid Model

Converter Model: The positive and negative poles of the
converter stations (Fig. 2) are represented by averaged models
of a two-level converter in a synchronously rotating d − q
reference frame [31]. Traditional vector control with inner cur-
rent control loops are considered [32]. To achieve decoupled
control of active and reactive power, the d−q reference frame
is synchronized with the voltage space phasor V̄gi.
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Fig. 3. P − Vdc adaptive droop control in the jth converter. βj and κdcj

are the droop coefficient and DC voltage controller state, respectively.

In this study, the active power channel of the converters
are operated in P − Vdc droop control with common DC-link
voltage [28], see Fig. 3, whereas the reactive power channel
maintains unity power factor at the PCC. The DC bus of
converter station #1 is used for measuring the common DC
voltage Vdc−com. The details of converter model and control
structure can be found in [28]. The concept of adaptive droop
coefficient will be explained later.
DC Network Model: The bipolar MTDC transmission net-
work consists of cables forming positive, negative and metallic
return paths. Unless otherwise mentioned, in this work the DC
cable is represented by a single π-section model as in [28].

III. CONVERTER OUTAGE: AUTONOMOUS POWER
SHARING WITH ADAPTIVE DROOP

Converter outage is one of the most severe (N-1) contingen-
cies in the AC-MTDC grid. Following such an outage, it is
desirable to share the burden of the lost converter among the
remaining ones, which can be achieved by the P − Vdc-based
droop control using a common DC voltage shown in Fig. 3.

Reference [5] proposed an adaptive droop scheme for
MTDC grids to share the power imbalance according to the
available headroom of the power converters, which is the focus
of this paper. The headroom Hj for the jth converter is the
difference between its rating Rj and the present loading Pj .
The droop coefficient is computed based on the following
relationship:

βj = β0
j

(
Rbase

Hj

)γ

(1)

where, β0
j is the nominal droop proportional to the rating Rj ,

Rbase is the maximum value of all the converter ratings, and
and γ is a positive constant. This ensures that the converter
with less available headroom will share less burden. The
implementation of this scheme is shown in Fig. 3. This method
initially uses the values of droop coefficients calculated based
on the pre-contingency steady-state following the converter
outage in the immediate past. It keeps calculating the available
headroom-dependent droop coefficients, but does not use them
till the next converter outage. Upon detection of a converter
outage, a sample and hold function is used to update the droop

coefficients. This approach is shown inside the dotted box in
Fig. 4(a).

Although the adaptive droop control is proven to be useful
for avoiding converter overloading, certain combinations of
droop constants can make the system unstable - a problem
acknowledged in [5]. To solve this, we propose a stability-
constrained adaptive droop scheme for system planners and
operators, which is described next.

IV. PROPOSED STABILITY-CONSTRAINED ADAPTIVE
DROOP

To ensure (N-1) contingency-secure operation, the system
operators need to perform a Dynamic Security Assessment
(DSA) [25], which is essentially a ‘what if’ analysis at a
certain operating point for probable converter outages. The
goal is to proactively establish stability constraints for the
droop gains, which is challenging due to the following reasons
-

1. Since the converter outage is one of the most critical
(N-1) contingencies, it leads to significant nonlinearity
in response and converter controllers inevitably hit cer-
tain limits. Therefore, linear analysis-based approaches
like eigenvalue-based [17], [21], [22] or singular value-
based [23] methods have limited theoretical justifications.

2. Operators will need to obtain the constraints within a
reasonable time frame. Therefore, it will be impossible to
determine them purely based on numerous time-domain
simulations.

In this paper, we propose a Trajectory Sensitivity Analysis
(TSA)-based approach to determine a) the stability constraints
for system operators, see Fig. 4(b), and b) a stability region
for system planners, see Fig. 4(c). The proposed approach is
described in detail in the following subsections.

A. Proposed Approach

TSA is a theoretically robust approach based upon lineariza-
tion of the system around a trajectory rather than around
an equilibrium point [25], which can analyze the influence
of parameters on the nonlinear and non-smooth response
trajectories manifested by the AC-MTDC grid following a
converter outage.

1) Trajectory Sensitivity Analysis (TSA): The TSA can
provide some valuable insights into the system responses
due to parameter changes with the expense of a negligible
amount of extra computation. A large trajectory sensitivity
implies that the parameter significantly influences the system
behavior [25]–[27].

With the state variable vector x, the algebraic variable
vector z, and the vector of system parameters that are subject
to change λ, the AC-MTDC grid can be represented using the
following Differential and Algebraic Equations (DAEs):

ẋ = F (x, z, λ) x (t0) = x0 (2)

0 = G (x, z, λ) z (t0) = z0 (3)

For example, the converter droop coefficients β, which change
adaptively following a converter outage can be considered as
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the parameter vector λ. Trajectory sensitivity allows us to
quantify the variation of the system trajectory caused by a
small perturbation in system parameters.
Let us define the flows of x and z with time t as:

x(t) = ψx (x, t, λ) (4)

z(t) = ψz (x, t, λ) (5)

One can combine (2), (3) and (4), (5) for the initial conditions
of x(t) and z(t) as:

ψx (x0, 0, λ) = x0 (6)

G (x0, ψz (x0, 0, λ) , λ) = 0 (7)

The sensitivity of the flow ψx to the parameter variation λ
can be obtained from Taylor series expansions of (4) as:

∆x(t) =
∂ψx (x0, t, λ)

∂λ
∆λ+ higher order terms. (8)

Considering higher-order terms can improve the accuracy,
but introduces additional complexity. Therefore, it is a usual
practice to use the truncated series of (8) containing the
first-order terms, as such an approximation ensures sufficient

accuracy. Neglecting higher-order terms and using (4), one can
write:

∆x(t) ≈
∂x(t)

∂λ
∆λ = xλ(t)∆λ (9)

Similarly, for z:

∆z(t) ≈
∂z(t)

∂λ
∆λ = zλ(t)∆λ (10)

The trajectory sensitivities xλ = ∂x
∂λ

and zλ = ∂z
∂λ

of the
AC-MTDC grid can be derived by differentiating the DAEs
given in (2) and (3) with respect to λ:

ẋλ =
∂F (t)

∂x
xλ +

∂F (t)

∂z
zλ +

∂F (t)

∂λ
≡ Fx (t)xλ + Fz (t) zλ + Fλ (t)

(11)

and

0 =
∂G (t)

∂x
xλ +

∂G (t)

∂z
zλ +

∂G (t)

∂λ
≡ Gx (t)xλ +Gz (t) zλ +Gλ (t)

(12)

Equations (11) and (12) form a new set of DAEs with
new variables xλ and zλ. Solving (2), (3) and (11), (12)
simultaneously, we get x, z and the sensitivities xλ and zλ.
Remark I: If one uses implicit numerical integration tech-
niques to solve (2), (3), then at each time-step the same Jaco-
bian matrices be same as in (11), (12) are computed. Therefore,
the only additional computation required for solving (11), (12)
is forward and backward substitutions [26]. �
In this work, a numerical approximation is utilized to find the
sensitivities, which simplifies the implementation [26]. Using
(9), (10) one can obtain the following approximated sensitivity
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are estimated through TSA while keeping β1 and β4 at constant values. Point A (unconstrained βj ) ≡ (βn
1 = 0.16, βn
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4 = 0.21). Point B

(constrained βj ) ≡ (βn
1 = 0.16, βn

2 = 0.075, βn
4 = 0.21). Droop coefficients β are expressed in the unit of kV2/MW.

function with respect to a scalar parameter λ:

xλ =
∂x

∂λ
≈ ∆x

∆λ
=
ψx (x0, t, λ+∆λ)−ψx (x0, t, λ)

∆λ
(13)

zλ =
∂z

∂λ
≈ ∆z

∆λ
=
ψz (x0, t, λ+∆λ)−ψz (x0, t, λ)

∆λ
(14)

This method involves two sets of simulations for two values of
λ (e.g. λ1 and λ2). Trajectories of corresponding state vectors
x1 and x2 are then computed. The sensitivities at λ1 can be
calculated as:

xλ ≈ x2 − x1

λ2 − λ1
=

∆x

∆λ
(15)

Similarly, zλ can also be found. If ∆λ is small, the numerical
sensitivity is expected to be very close to the one from analyt-
ical methods. As highlighted in [26], this method is easier to
implement compared to implicit integration along with forward
and backward substitution. However, it is computationally
more expensive.

2) Estimation of Stability Constraints for System Opera-
tors: In this work, we are interested in finding the stability
constraints of the droop gain of a converter when multiple
such converters are connected to the same AC grid. For
example, AC grid #1 in Fig. 1 has converters #2 and #3
connected to it. Therefore, stability constraints for one of
them is of interest following the outage of the other converter
as it directly impacts the stability of AC grid #1. When a
power system operates near the stability boundary, a small
change in parameters results in large oscillations in sensitivity
trajectories [25], which is much more significant than that of
the system trajectories. The critical value is the theoretical
value of a parameter that leads the power system trajectories
into the stability boundary or moves the system to instability.
The critical value can be used as the stability constraint for a
parameter.

Nguyen et al in [27], proposed the Euclidean norm of the
sensitivity vector as a measure of proximity to instability. The
time-varying sensitivity norm with respect to parameter λk for

an m-machine system is defined as:

Sλk (t) =

√√√√m−1∑
i=1

(
∂αi (t)

∂λk

)2

+
m∑
i=1

(
∂ωi (t)

∂λk

)2

(16)

where, αi is the rotor angle of the ith generator with respect
to the reference angle of the AC grid and ωi is its angular
speed. For AC-MTDC grids with multiple asynchronous AC
grids, the rotor angle of generators should be measured with
respect to the reference angle defined for each AC grid. For
the system shown in Fig. 1, rotor angle of G3, angle of bus
13, and angle of bus 14 are used as the references for AC grid
#1, #2, and #3, respectively.
The inverse of the maximum value of the sensitivity norm Sλk

is define as:
η =

1

max (Sλk)
(17)

Ideally, at the point of instability:

max(Sλk) → ∞ ⇒ η → 0 (18)

Theoretically, η = 0 gives the stability constraint of the
parameter λi. In this work, this parameter is chosen as the
droop coefficient βj of the converters, see Figs 3, 4. As
discussed before, our focus will be on deriving the stability
constraints of droop coefficients of converter #2 and #3. The
steps involved in the proposed stability-constrained adaptive
droop approach shown in Fig. 4 are as follows:
Step 1. The control center will be equipped with a detailed
dynamic model of the AC-MTDC grid. This model should be
an accurate representation of the actual system, which is run
with initial states representing the present operating condition.
The output of the state estimator is used to initialize the model.
Step 2. Different (N-1) credible contingency (‘what if’) sim-
ulations along with TSA are performed using the initialized
dynamic model obtained in Step I. More specifically, outage of
the critical converters (e.g. converters #2 and #3) are simulated.
Next, the sensitivity norm given in (16) and corresponding η
values (e.g., η1 and η2) for two different values of βj (e.g.,
β1
j and β2

j ) are computed. Here, βj is the droop coefficient of
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the healthy converter, which would impact the stability of AC
grid significantly. For these simulations the droop coefficient
of all other converters are kept as constants. As an example,
for the case of converter #2 outage, two different values of β3

for converter #3 are used for obtaining η1 and η2. The values
of β1 and β4 are kept constant during these computations.
Step 3. In this step, the stability constraints βcr,est

j are
estimated using the extrapolation of the constructed straight
line of βj versus η curve and the intersection with the βj-axis
as shown in Fig. 5. For comment on linearity of η versus βj

curve near the stability boundary, see Remark II.
Step 4. Upon detection of a converter outage, impose the
constraint βcr,est

j with some margin if the droop coefficient βj

violates it. Otherwise, let the unconstrained droop coefficients
evolve. This is shown in Fig. 4(b). Detection of converter
outage involves communication of detection signal to the
control location, which could experience some latency. This
delay should be taken into account while calculating the
adaptive droop coefficient using the measured Pj shown in
Fig. 4(a). It was shown in [33] that this latency can be
calculated using time-stamp information at the sending end
(i.e. the converter station) and the receiving end (i.e. the control
center) assuming both are equipped with GPS antennas. If the
computed latency is found to be τ , then the value of adaptive
droop βj(t− τ) will be enacted, where ‘t’ is the instant when
converter outage detection signal arrives at the control center.
Impact of this delay will be studied later in this paper.
Note that only two simulations are required to compute βcr

j ,
which makes the approach suitable for system operators.

3) Region of Stability in Multi-dimensional Droop Coeffi-
cient Space for Planners: During the planning studies, system
planners would be interested in finding the region of stability
in multi-dimensional droop coefficient space, which can act as
operating guide for system operators during decision making.
This can be done by repeating Steps 1 to 3 of the proposed
approach for different values of β1 and β4. The process can
be performed including different loading conditions as well
(Fig. 4(c)).
Comment: It should be noted that the framework proposed
in this paper is independent of the configuration (symmetric
monopole, asymmetric bipole, and so on) and the topology
(MMC vs 2-level) of the DC grids. It is also independent of
the connectivity of the AC-MTDC grid.
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Fig. 8. Performance of the system following the outage of the negative
pole converter of the converter station #3 in Fig. 1 with droop coefficients
representing point A in Fig. 6(b). Angle sensitivity: ∂δ

∂βn
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V. RESULTS AND VALIDATION

The proposed approach is implemented in the test system
shown in Fig. 1. In this paper, the outage of the negative pole
converter of the converter stations are considered. To simulate
the converter outage, both the DC-side and the AC-side
breakers (DCCBn and ACCBn in Fig. 2) at the respective
converter pole are opened. However, the DC cable connections
to the switchyard of the affected converter is retained, which
is the usual practice in an MTDC grid under P − Vdc droop
control with common pilot bus DC-link voltage [34]. This
ensures a stable operation of the system in case of the outage
of the converter station with the pilot bus. For all case studies,
the droop gains of the positive pole converters are assumed to
be equal to 0.1 pu kV2/MW. The case study with outage of
converter #3 is discussed next.

A. Case Study I: Converter # 3 Outage

For this case study, the real power loads at buses #9 and #10
are assumed to be 2000 MW each and the reference powers of
converter #2 and #3 are considered as 650 MW and 550 MW,
respectively. All the other relevant data are shown in Fig. 1.
The region of stability of the AC-MTDC grid following the
outage of converter #3 in (βn

2 , βn
1 , βn

4 ) plane is shown in Fig. 6
in which Fig. 6(a) and Fig. 6(b) shows the front and the top
view, respectively. Superscript ‘n’ stands for negative pole.

As explained earlier, to accomplish the region of stability in
the multi-dimensional droop coefficient plane, Step 1 to Step 3
of the proposed stability-constrained adaptive droop approach
are repeated for several sets of (βn

1 , βn
4 ) combinations. For

a given set of values of (βn
1 , βn

4 ), it has been found that
the stability constraint appear as a lower limit of βn

2 , which
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segregates the two regions as the stable region and the unstable
region as shown in Fig. 6. The surface shown in Fig. 6
determines the critical values of the droop coefficients (βn

1 ,
βn
2 , and βn

4 ) for a given operating condition following the
outage of converter #3. One can call this surface as the
‘critical surface’ of the system. This critical surface can be
used to impose constraints on the adaptive droop algorithm-
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Fig. 10. Comparison of system performance following the outage of the
negative pole converter of the converter station #3. DC voltages of negative
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(c) Comparison of sensitivity norms for points A and B. (d) Zoomed version
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Fig. 11. Comparison of system performance following the outage of the
negative pole converter of the converter station #3. Rotor speed of the
synchronous machines corresponding to (a) point A in Fig. 6(b) and (b) point
B in Fig. 6(b). (c) Comparison of tie-line power flow for points A and B.

based droop coefficients before the updating step (Fig. 4) as
proposed in Section IV-A.
Remark II: Comment on selection of βn,1

2 and βn,2
2 - Accurate

estimation of the stability constraint in Step 3 is dependent on
the assumption of linearity between η and βn

2 shown in Fig. 5.
For numerous other applications of TSA, it has been found
that η vs λ characteristic is approximately linear, especially in
the vicinity of the stability boundary [27]. Figure 7 shows the
variation of η versus βn

2 for this case study with a specific
set of values for βn

1 and βn
4 . It can be observed that the

relationship is piecewise linear in different ranges of βn
2 . Thus,

the operators should choose two values βn,1
2 and βn,2

2 with
input from operating guide prepared by system planners to
obtain a reasonable estimate of βcrit

2 .
1) Time-domain Simulation to Validate the Proposed Ap-

proach: To demonstrate the effectiveness of the proposed
approach the following values of unconstrained droop coef-
ficients are selected βn

1 = 0.16, βn
4 = 0.21, and βn

2 = 0.025,
which correspond to point A in the unstable region of the 3-
dimensional droop plane shown in Fig. 6(b). The performance
of the AC-MTDC grid, following the outage of the negative
pole of converter station #3 is shown in Fig. 8, which verifies
that the system is unstable under this scenario.

It can be shown from the TSA that the critical value βn,cr
2

corresponding to the set (βn
1 = 0.16, βn

4 = 0.21) is 0.065.
Therefore, one can impose this constraint on βn

2 (i.e. the droop
gain of the converter in the same AC grid, which would impact
the stability of that AC grid significantly) with some margin
as in Step 3, such that the point moves to the stable region
(e.g. point B) as shown in Fig. 6. In other words if one can
increase the value of βn

2 greater than the critical value without
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Fig. 13. System performance following the outage of the negative pole
converter of the converter station #2 corresponding to point C in Fig. 12(b).
(a) Converter power of negative poles. (b) DC voltages of negative poles. (c)
Zoomed view of (b).

changing the values of βn
1 and βn

4 the system stability will be
ensured. To demonstrate this, in this case study we select the
droop coefficient values corresponding to point B: βn

1 = 0.16,
βn
4 = 0.21, and βn

2 = 0.075. The time-domain simulation
corresponding to this point is shown Fig. 9, which validates
the effectiveness of the proposed approach.

Figures 10 and 11 compare the system performance follow-
ing converter #3 outage corresponding to point A and point B.
Generator speeds Fig. 11(a) and tie-line power in Fig. 11(b)
show that the system operating at point A is unstable, whereas
the corresponding responses from Figs 11 (b) and (c) confirm
that point B is in the stable region. It can be seen from

Fig. 14. System performance following the outage of the negative pole
converter of the converter station #2 corresponding to point D in Fig. 12(b).
(a) Converter power of negative poles. (b) DC voltages of negative poles. (c)
Zoomed view of (b).

Fig. 10(c) that when the system is unstable the trajectory
sensitivity norm reaches infinity, whereas it is finite for the
case of stable system.

B. Case Study II: Converter # 2 Outage

For this case study, the real power loads at buses #9 and
#10 are assumed to be 2050 MW and 1950 MW, respectively.
The reference powers of converter #2 and #3 are considered as
800 MW and 400 MW, respectively. The same procedure as in
Case Study I is followed here to derive the region of stability
in the multi-dimensional droop coefficient plane following the
outage of converter #2, which is shown in Fig. 12.
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Fig. 15. Comparison of system performance following the outage of the
negative pole converter of the converter station #2.

Unlike Case Study I, in this case study, it has been observed
that for a given set of values of (βn

1 , βn
4 ) the stability

constraints appears as an upper limit of βn
3 and accordingly

the region of stability can be defined, see Fig. 12.
1) Time-domain Simulation to Validate the Proposed Ap-

proach: To further validate the effectiveness of the proposed
approach, in this case, the following combination of droop
gains is selected for converters #1 and #4: βn

1 = 0.1084,
βn
4 = 0.1007. For this combination of droop coefficients, TSA

indicates that the stability constraint βn,cr
3 is 0.298 (point C in

Fig. 12(b), a point on the critical surface). The performance of
the AC-MTDC grid, following the outage of the negative pole
of converter station #2 is shown in Figs 13-15. It is interesting
to note from Fig. 15 that the AC system operating at point C
is marginally stable, even though it is not apparent from the
DC-side response in Fig. 13.

To make the system stable, the value of βn
3 is reduced

to 0.10 (point D in Fig. 12(b), a point in the stable region).
The corresponding system response shown in Figs 14 and
15 further validates the effectiveness of the proposed approach.

C. Impact of DC Cable Model on the Proposed Approach

In the case studies I and II, a simplified DC cable model [28]
was adopted. To evaluate the impact of the DC cable model,
an improved approximation shown in Fig. 16 considered. This
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Fig. 16. Frequency dependent π model for DC cable [35].

Fig. 17. System performance following the outage of the negative pole
converter of the converter station #3 under unconstrained droop coefficients
for the system with the frequency dependent π model for DC cables [35].
The droop coefficients are: βn

1 = 0.16, βn
4 = 0.21, and βn

2 = 0.025.
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Fig. 18. System performance following the outage of the negative pole con-
verter of the converter station #3 under stability-constrained droop coefficients
for the system with the frequency dependent π model for DC cables [35]. The
droop coefficients are: βn

1 = 0.16, βn
4 = 0.21, and βn

2 = 0.10.

cable model is known as the ‘Fitted π’ section model [35]
since the parallel R − L elements are calculated through a
fitting algorithm to match the frequency response of a wide-
band cable model [36]. The parameters of the cable model are
given in the Appendix.

For this analysis, the same test system used in Case Study
I is considered. As explained earlier, to find out the critical
value of βn

2 following the outage of converter #3, Step 1 to
Step 3 of the proposed stability-constrained adaptive droop
approach are carried out for the set (βn

1 = 0.16, βn
4 = 0.21).

It can be shown from the TSA that the critical value βn,cr
2

corresponding to the this set is 0.080. It can be noted that
the critical value for βn

2 under Case Study I (with the simple
π model for the DC cable) for the same set (βn

1 = 0.16,
βn
4 = 0.21) was 0.065.
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1) Time-domain Simulation: The following values of uncon-
strained droop coefficients are selected βn

1 = 0.16, βn
4 = 0.21,

and βn
2 = 0.025, which correspond to point A shown in

Fig. 6(b). The performance of the AC-MTDC grid, following
the outage of the negative pole of converter station #3 is shown
in Fig. 17, which verifies that the system is unstable under this
scenario.
To make the system stable, the value of βn

2 is increased to 0.10.
The corresponding system response shown in Fig. 18 further
validates the effectiveness of the proposed approach. This
analysis demonstrates that the proposed stability-constrained
adaptive droop approach gives expected results for the system,
which considers advanced modeling of the DC cable.

2) Impacts of Possible Delays in Detecting Converter Out-
age: In Step 4 of the proposed approach described in Section
IV, the possibility of delay in detecting converter outage and
countermeasures for handling the same was elaborated. We
consider a pessimistic scenario with delay of 500ms while
typical latency in wide-area measurement systems in WECC
Pacific DC Intertie ranges between 71 - 103ms [37]. To
demonstrate the effect of the delay on the system dynamics,
the following set of droop constants are selected: βn

1 = 0.16,
βn
4 = 0.21, and βn

2 = 0.085. Note that the value of βn
2 is

selected such that the system would operate very close to
the stability margin, which could be more vulnerable in such
scenarios. Figure 19 compares the dynamic performance of the
system with and without delay in converter outage detection.
The effectiveness of the proposed approach for handling such
latencies is visible from the system response.

VI. CONCLUSION

A Trajectory Sensitivity Analysis (TSA)-based stability-
constrained adaptive droop approach for autonomous power
sharing following the outage of a converter in a MTDC grid
is presented to ensure the stability of the surrounding AC
systems, especially when two or more converters are connected

to the same AC system. It was shown that the proposed
approach can be a part of Dynamic Security Assessment
(DSA) performed by the system operators. Nonlinear time-
domain simulation results validate the effectiveness of the
proposed method in an AC-MTCD grid consisting of three
asynchronous AC grids and a four-terminal bipolar MTDC
grid. The regions of stability of the system following two con-
verter outage scenarios are presented in the multi-dimensional
droop coefficient space, which can be derived by the system
planners. Proposed TSA-based post-contingency analysis on
these two outages under two loading conditions reveal that
the stability constraint can appear either as an upper or as a
lower limit on the droop coefficients.

APPENDIX: SYSTEM PARAMETERS

TABLE I
MTDC GRID PARAMETERS

Symbol Parameters Values
Vdc−nom Nominal DC-link voltage ±350 kV
Rp/Rn Resistance of series AC filers 69.1 mΩ
Lp/Ln Inductance of series AC filers 38.8 mH
Cp

dc/C
n
dc DC-bus capacitance of the converters 0.4 mF

Rp
sc/R

n
sc Series resistance of Cp

dc/C
n
dc 1.0 µΩ

Rg DC grounding resistance 0.5 Ω
l Length of the DC cables 400 km
Rp/Rn Resistance of DC cables (π-model) 5.84 Ω
Lp/Ln Inductance of DC cables (π-model) 1.29 H
Cp/Cn Capacitance of DC cables (π-model) 55.0 µF
Rm Resistance of the metallic return 5.84 Ω
Lm Inductance of the metallic return 1.29 H
Cm Capacitance of the metallic return 0.15 mF
KpI Proport. gain of inner control loop 300Rp/n

KiI Integral gain of inner control loop 300Lp/n

Kpdc Proport. gain of DC voltage control 0.1 pu MW/kV 3

Kidc Integral gain of DC voltage control 1.0 pu MW-s/kV 3

TABLE II
PARAMETERS OF FREQUENCY DEPENDENT DC CABLE MODEL [38]

R1 = 1.1724× 10−1 Ω/km L1 = 2.2851× 10−4 H/km
R2 = 8.2072× 10−2 Ω/km L2 = 1.5522× 10−3 H/km
R3 = 1.1946× 10−2 Ω/km L3 = 3.2942× 10−3 H/km
Ccs = 1.9083× 10−11 F/km Gcs = 7.6333× 10−3 S/km
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