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Abstract—This article proposes a distributed voltage control
strategy for multiterminal high-voltage dc (MTdc) systems with
fair power sharing among converters. A mathematical model for
representing the dynamics of converters in MTdc systems is pro-
posed. A distributed cooperative voltage control scheme is devel-
oped in which each converter only needs to communicate with the
neighboring converters to regulate the voltage of the pilot bus of
MTdc systems. The associated graph to the communication topol-
ogy of the network is assumed to be a general time-varying graph.
The proposed adaptive nonlinear protocol is scale-free and does
not need any information about the communication graph and the
number of agents and operates properly for time-varying graph.
These features enhance the resilience of the proposed method
against communication systems failures, multiplicative noise in
communication network, and degradations. The performance of
the proposed controller is demonstrated though the simulation of
CIGRE MTdc test system.

Index Terms—Distributed cooperative controller, fair power
sharing, MTdc systems, voltage control.

NOMENCLATURE

cf Capacitance of the output filter of converters.
Iild Direct-axis component of the current flowing through

output filter of ith converter.
I∗ild Set-point of direct-axis component of the current flow-

ing through output filter of ith converter.
Iilq quadrature-axis component of the current flowing

through output filter of ith converter.
I∗ilq Set-point of quadrature-axis component of the current

flowing through output filter of ith converter.
Kpc Proportional gain of inner current controller of convert-

ers.
Kic Integral gain of inner current controller of converters.
Ki Integral gain of outer power controller of converters.
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Kp Proportional gain of outer power controller of
converters.

Lf Inductance of the output filter of converters.
mi Droop gain of ith converters in mega watt per kilo volt.
P i
n Nominal set point of active power of ith converter.

rf Resistance of the output filter of converters.
Ri Droop gain of ith converters in kilo volt per mega watt.
Vpilot Voltage amplitude of the pilot bus of the MTdc.
V i
oq Quadrature-axis component of output voltage of ith

converter.
V i
od Direct-axis component of output voltage of ith con-

verter.
V i
dc DC voltage at the terminal of ith converter.

I. INTRODUCTION

MULTITERMINAL high-voltage dc (MTdc) systems can
efficiently transmit power over long distances [1]. Ex-

amples of existing MTdc systems are three-terminal Italy–
Corsica–Sardinia (SACOI) system, five-terminal Quebec–New
England system, and five-terminal Zhoushan system [2]. With
ever-growing utilization of renewable sources, MTdc systems
can provide an efficient and flexible solution for integrating
large solar systems and offshore wind farms into the land-based
power grids [3]. There are projects and initiatives for further
installation of MTdc systems worldwide such as European super
grid, Medgrid project that promotes a Euro-Mediterranean elec-
tricity network to integrate renewable sources which are mostly
solar systems, and “Tres Amigas Super Station” which aims
at connecting three major US transmission networks (Eastern,
Western, and Texas networks) [2]. In [4], benefits of using high-
voltage dc systems for increasing transfer capacity between the
US Eastern and Western Interconnections under high-renewable
integrations are studied. A benefit analysis of building an MTdc
transmission overlay for regional US power grid is also presented
in [5].

A. Motivation

The reliable operation of MTdc systems requires a mechanism
for the distributed generator (DG) grid voltage regulation. Dif-
ferent voltage control strategies have been proposed in the past.
One converter station can be considered as the dc slack converter
to regulate the dc voltage. In this scheme, the slack converter
should be oversized, and backup strategies should be developed
in the case of outage of this dc slack converter [6]. To address
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the above challenges, more than one converter station can be
considered for the dc voltage regulation, which are coordinated
through the voltage droop control scheme. Although the droop
control scheme is an effective method, it cannot eliminate the
steady-state errors in the regulated voltage value as droop con-
trollers are proportional controllers. Therefore, conventionally,
a secondary controller is used to eliminate this steady-state error
[7].

The conventional centralized secondary controllers suffer
from the single point of failure problem [8]–[10] and require fast
communication links between every single converter station and
the centralized controller.

In contrast, in distributed cooperative controllers, only in-
formation exchange between neighboring converters is needed
and the scheme does not suffer from the single point of failure
problem.

B. Literature Review

Recently, attempts have been made for the utilization of
distributed controllers for power systems problems. Examples of
such applications are distributed voltage and frequency control
of ac microgrids [8]–[10], distributed control of dc microgrids
[11], [12], distributed management of energy storage systems,
distributed coordination of wind farms resources, and distributed
control of MTdc systems.

In [13], a distributed control strategy for frequency and volt-
age control of ac microgrids is proposed. It utilizes a classical
consensus algorithm based on a fixed communication topology.
In [14], a distributed controller for frequency control and fair
power sharing among DGs in microgrids is proposed. In [15],
an asynchronous distributed optimization is used for voltage
control of power distribution systems. The problem is formu-
lated as an optimization problem and the partial primal-dual
algorithm is adopted to solve the problem. In [16], the distributed
model predictive control (MPC) and feedback linearization are
used for voltage and frequency control of microgrids. In [17],
two distributed controllers with different convergence times are
proposed for voltage and frequency control of microgrids. In
[18], a distributed controller for voltage and frequency control
of microgrids using distributed consensus Kalman filter and con-
trol is proposed. In [19], adaptive consensus-based voltage and
frequency control protocols are also proposed for microgrids.
In [20], a distributed controller for managing the state of charge
of battery energy storage systems and voltage restoration in dc
microgrids is proposed.

In [21], a distributed control for battery energy storage sys-
tems is proposed for active and reactive power balancing in
microgrids. In [22], a distributed controller based on classical
averaging-consensus protocol is developed for voltage control
within wind farms by managing the set-points of the wind tur-
bines. In [23], a distributed coordinated control of wind turbines
and battery energy storages is proposed for voltage control of
doubly fed induction generator based wind farms.

In [24], a distributed MPC for frequency regulation of ac side
of MTdc systems is proposed. In [25], a distributed controller
for voltage control of MTdc systems is proposed. A distributed

control strategy is also proposed in [26] for sharing both fre-
quency containment and restoration reserves of asynchronous
ac systems connected through an MTdc system. In [27], a
distributed corrective power dispatch for MTdc systems based
on optimality condition decomposition is proposed. In [28], a
consensus-based distributed strategy using Lyapunov function
technique is designed for voltage control of MTdc systems. In
[29], a distributed controller for the voltage control of MTdc is
proposed that utilizes a classical average consensus algorithm
[30].

Although the above-mentioned distributed controllers are
effective, an important aspect of the controller design for the
practical utilization of distributed controllers that requires fur-
ther studies is enhancing the resilience of the controller against
communication failures and degradations.

C. Contributions

This article proposes a novel distributed cooperative voltage
control scheme for MTdc systems with fair power sharing among
the converters. The contributions of this article are as follows.

1) A mathematical model for representing the dynamic re-
sponse of the converters of MTdc systems is proposed
that is utilized in the proposed distributed controller.

2) The proposed controller regulates the voltage of MTdc
system with fair power sharing among converters.

3) In contrast to centralized voltage control schemes, the pro-
posed distributed controller only requires communications
between the neighboring converters.

4) The proposed adaptive distributed controller is scale-free
and is independent from the communication network and
the number of agents and is designed for time-varying
graphs which can be switching graphs with arbitrary small
dwell-time. Therefore, changes in the communication
network do not affect the performance of the proposed
distributed voltage controller. This feature enhances the
resilience of the proposed controller against communica-
tion failures and degradations, and, as such, the protocol
can be suitably applied for power systems even in the case
of lossy communications (when the link in the networks
goes ON and OFF) and multiplicative noise in the network.

5) For synchronization of multiagent systems (MASs) with
single-integrator agent models and fixed communication
topologies, one can utilize a static gain which is a well-
known and classical result vastly used in the literature
[31]. In this article, nonlinear adaptive dynamic protocols
are designed for MTdc systems as a MAS with single-
integrator agent dynamics and general time-varying com-
munication graphs.

Switching graphs associated to the communication topology
used in this article are a subset of time-varying graphs. The
stability analysis of switched system has been of great impor-
tance (see, for instance, the survey papers [32]–[33] and the
recent book [34]) and includes several interesting phenomena.
For example, even when all the subsystems are exponentially
stable, the switched systems may have divergent trajectories
for certain switching signals. As these examples suggest, the
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Fig. 1. Controllers of converters of MTdc systems.

stability of switched systems depends not only on the dynamics
of each subsystem but also the properties of switching signals.
A classical technique to deal with stability of switched sys-
tems is utilization of dwell-time. Let G be a set of connected
“fixed” undirected graphs and {tk} be the time-sequence of the
discontinuities of the piece-wise constant weighted adjacency
matrix A(t) such that 0 := t0 < t1 < t2 < · · · < tk < · · · . The
graph G(t) under consideration has the properties that it changes
among a finite number of connected graphs and has a nonvanish-
ing dwell-time. The switching time sequence has a dwell-time
τ ∗ > 0, that is tK+1 − tk ≥ τ ∗ for k = 0, 1, 2, . . .. A variety
of high–low-gain protocol designs, available in the literature,
for MAS with switching communication topologies require the
knowledge of dwell-time [35]. On the other hand, the proposed
nonlinear adaptive protocol in this article does not require any
knowledge of dwell-time and switching signal and can work for
any network with associated time-varying and switching graphs
with arbitrarily dwell-time.

The rest of this article is organized as follows. In Section II,
the proposed mathematical model for representing the dynamic
of converters is presented. Section III explains the details of the
proposed distributed cooperative controller for voltage control
of MTdc systems. Simulation results are presented in Section IV,
and Section V concludes the article.

II. MATHEMATICAL MODELING OF CONVERTERS DYNAMICS

Fig. 1 shows the control scheme of voltage sourced converters
of MTdc systems [36]. The real output power of the ith converter
can be repressed as follows:

P i = V i
odI

i
ld + V i

oqI
i
lq. (1)

By taking the derivative of both sides of (1), the following holds
[37]:

Ṗ i = V̇ i
odI

i
ld + V i

odİ
i
ld + V̇ i

oqI
i
lq + V i

oq İ
i
lq (2)

where the following hold:

V̇ i
od = ωV i

oq +
1

cf
Iild −

1

cf
Iiod (3)

V̇ i
oq = −ωV i

od +
1

cf
Iilq −

1

cf
Iioq (4)

İild =
−rf
Lf

Iild + ωIilq +
1

Lf
V i
ld −

1

Lf
V i
od (5)

İilq
−rf
Lf

Iilq − ωIild +
1

Lf
V i
lq −

1

Lf
V i
oq (6)

where rf , Lf , and cf denote the resistance, inductance, and
capacitance of the output filter of the converter, respectively

V i
ld = − ωIilq + ϕi

id + V i
odK

i
pcK

i
p

(
P i
n +mV i

dc − P
)

+ ϕi
Pd − Iild. (7)

By replacing (3)–(6) into (2), the following holds:

Ṗ i = u′i (8)

where u′i is in terms of P i
n and locally available measurements.

Therefore, if ui is determined, the value of P i
n can be calculated

accordingly.
Equation (8) can be represented as follows:

ΔṖ i = u′i (9)

where ΔP i=P i − P i
0 and P i

0 is the latest set-point (i.e., dis-
patched power) of the ith converter.

III. PRELIMINARY OF GRAPH THEORY

Given A ∈ Cm×n, AT denotes its transpose. A⊗B indicates
the Kronecker product of A and B.

A time-varying weighted graph G(t) is defined by a triple
(V, E(t), A(t)), where V = {1, . . . , N} is a node set, E(t) ⊆
V × V is a set of pairs of nodes indicating connections among
nodes, and A = [aij(t)] ∈ RN×N is the weighting matrix, with
aij > 0 iff (i, j) ∈ E and aii = 0, which is a piecewise con-
stant and right-continues function of t. If aij(t) = aji(t) for all
(i, j) ∈ E , the graph is called undirected, otherwise directed. A
path from node i1 to node ik is a sequence of nodes {i1, . . . , ik}
such that (ij , ij+1) ∈ E , for j = 1, . . . , k − 1. A graph is con-
nected if there exists a path between every pair of nodes. A
tree with root r is a subset of nodes of the graph G such that
a path exists between r and every other node in this subset. A
spanning tree is a tree containing all the nodes of the graph. For
a weighted graph G(t), the Laplacian matrix L(t) = [�ij(t)],
associated with the graph G(t), is defined with

�ij(t) =

{∑N
k=1 aik (t) , i = j

−aij(t), i �= j.
(10)

All eigenvalues of L(t) are located in the closed right-half
complex plane with at least one eigenvalue at zero which is
associated with right eigenvector 1 [38]. When the graph is
strongly connected, then there is only one eigenvalue at the origin
and all other eigenvalues are in the open right-half complex plane
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[39]. WhenG(t) is undirected,L(t) is symmetric. Also, note that
a weighted fixed graph G(t) is a subset of time-varying graphs.

IV. PROPOSED DISTRIBUTED CONTROL SCHEME

The objective of the dc voltage control in MTdc systems is to
regulate the voltage of a pilot bus or average value of several
pilot buses. Moreover, fair power sharing among converters
should be achieved. Fair power sharing refers to the requirement
that the amount of active power that each converter injects to
the MTdc system should be proportional to the capacity of the
converter. This means larger converters should inject more active
power compared to the converters with smaller capacities. This
requirement can be represented as follows:

ΔP 1

P 1
max

=
ΔP 2

P 2
max

= · · · = ΔP i

P i
max

. (11)

As the common practice is to select the droop gains of
converters based on each converter maximum power generation
capability, (11) can be represented as follows:

R1ΔP 1 = R2ΔP 2 = · · · = RiΔP i (12)

where Ri = 1
mi . Therefore, the objective of the proposed dis-

tributed controller is to assure

R1ΔP 1 = R2ΔP 2 = · · · = RiΔP i = ΔPref (13)

where ΔPref is calculated at as follows:

ΔPref = Kp (Vpilot − Vref) +Ki ∫ (Vpilot − Vref) . (14)

Equation (9) mathematically can be represented as follows:

ẋi = ui (15)

for i = 1, . . . , N where xi = RiΔP i and ui=Riu′i. Each con-
verter has access to its own state relative to that of neighboring
agents which can be represented as follows:

ζi (t) =

N∑
j=1

aij (t)
(
xi (t)− xj (t)

)
. (16)

In the above aij(t) ≥ 0, aij(t) = aji(t) and aii(t) = 0, for all
t.

Note that in classical controllers, for MAS with single-
integrator dynamics [31] vastly used in power system appli-
cations, it is assumed the communications between agents take
place over fixed graphs (i.e., aij are constant values). Therefore,
as discussed in the Section I of the article, any changes in
the communication network topology that occur faster than
the dwell-time may jeopardize the stability of the controller.
In contrast, in this article aij are functions of time and there
is no limitation on the switching time between different com-
munication network topologies. This is an important feature
toward enhancement of the resilience of the controller against
communication failures and degradations. For example, in the
case of lossy communication links, the communication link may
go ON and OFF at any arbitrary time intervals.

Information in (16) can be mapped to a time-varying weighted
graph G(t), where each node represents a converter and each

edge has the weight aij(t). Based on the coefficient of Laplacian
matrix, (16) can be represented as follows:

ζi (t) =

N∑
j=1

�ij (t)x
j (t) . (17)

The regulated state synchronization among converters will be
achieved if the state of each converter converges to the given
trajectory xr = ΔPref , i.e.,

lim
t→∞

(
xi (t)− xr (t)

)
= 0. (18)

Then, all converters have access to their own states relative to
xr. When converters have access to the reference value xr, the
available information can be modified as follows:

ζ̄i (t) = ζi (t) +
(
xi (t)− xr (t)

)
. (19)

Otherwise, the converter has the same information as before

ζ̄i (t) = ζi (t) . (20)

By combining, these can be written as

ζ̄i (t) = ζi (t) +
(
xi (t)− xr (t)

)
ιi (t) =

{
1, xr available

0, xr unavailable
(21)

for i = 1, . . . , N. The expanded Laplacian matrix is defined for
any graph G(t) with associated Laplacian matrix as

L̄ (t) = L (t) + diag
{
ιi (t)

}
=

[
�̄ij

]
N×N

. (22)

It can be shown that L̄(t) is nonsingular for all t > 0 if and
only if at any time t, there exists a path between agent i and
agent j which has information about the reference trajectory xr.

The following definition is provided for the time-varying
graph.

Definition 1 [40]: For given real numbers β, γ > 0, the set
Gβ,γ,N consists of all time-varying, weighted, and undirected
graphs composed of N nodes satisfying the following property:

βI ≤ L̄ (t) ≤ γI (23)

for all t.
Remark 1: For MTdc system, it is always assumed the

communication topology switches among a finite set of graphs.
One can easily show that a communication topology which
switches among a finite set of undirected, weighted, and strongly
connected graphs satisfies condition (23) automatically for some
γ > β > 0, namely when this switching topology belongs to
Gβ,γ,N .

Then, regulated state synchronization of an MTdc system is
formulated as the following problem.

Problem 1: Consider an MTdc network described by the
agent model (15) and communication information (21) and the
reference trajectory xr. Assume the time-varying communica-
tion topology is G(t) ∈ Gβ,γ,N . Then, the scale-free regulated
state synchronization problem of an MTdc system under the
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time-varying communication topology G(t) is to find, if possi-
ble, a distributed nonlinear dynamic protocol of the form{

ẋi
c = f

(
xi
c, ζ̄

i (t)
)

ui (t) = g
(
xi
c, ζ̄

i (t)
) , xi

c ∈ R (24)

such that for any graph G(t) ∈ Gβ,γ,N , regulated state synchro-
nization (18) is achieved among converters for any γ > β > 0
and for any size of the network (i.e., the number of converters).

Now, to achieve scale-free regulated state synchronization
for voltage control of converters which communicate through
switching undirected networks, a nonlinear adaptive dynamic
protocol for each converter i = 1, . . . , N is designed as follows:

ρ̇i = ζi
2
, i = 1, .., N

ui = −ρiζ̄i, i = 1, .., N (25)

where ρi is an adaptive parameter that satisfies ρi(0) ≥ 0.
Remark 2: Note that protocol (25) is independent of the

bounds on the associated Laplacian matrix L̄(t) and the number
of agents, which implies protocol (25) is scale-free, i.e., the
nonlinear adaptive protocol (25) works for the MTdc system
with any graph G(t) ∈ Gβ,γ,N , any γ > β > 0, and any
number of converters.

The scale-free regulated state synchronization problem of
an MTdc system with adaptive protocol (25) is stated in the
following theorem.

Theorem 1: Consider an MTdc network described by lin-
earized agent models (15) and communication information (21)
and the reference trajectory xr. Assume the communication
topology associated with MAS is switching among a finite
number of graphs. Then, the regulated state synchronization
problem as stated in Problem 1 is solvable.

In particular, the adaptive nonlinear dynamic protocol (25)
solves the regulated state synchronization problem for any graph
G(t) with any number of nodes.

Proof: The proof of Theorem 1 is presented in the Appendix.

V. SIMULATION RESULTS

In this section, the performance of the proposed method is
demonstrated by simulating an MTdc system shown in Fig. 2,
which is based on CIGRE B4 dc grid (DCS3) test system [41].
Bus Bb-B4 is selected as the pilot bus in this article. Converters 4
and 5 at buses Bb-C2 and Bb-D1 are at constant power injection
mode with steady-state power injections of 600 and 1000 MW,
respectively. Converters 1, 2, and 3 at buses Ba-A1, Ba-B1,
and Bb-B2 are droop-controlled converters. Converters 1–3 ex-
change information through a ring communication architecture
as shown in Fig. 2.

To study the response of the proposed controller, the following
scenarios are considered.

Scenario (1): Only droops controllers are utilized.
In this scenario, at t = 2 s, the injected power from the wind

farms changes from 600 to 1100 MW at converter 4 and from
1000 to 1800 MW at converter 5. The output power of converters
1, 2, and 3 should increase to balance out this excess of the power

Fig. 2. Schematic of the five-terminal CIGRE B4 dc grid test system (DCS3).

Fig. 3. Voltage of pilot bus in Scenario (1).

in the MTdc system. The droop gains are 60, 20, and 60 MW/kV,
respectively.

Fig. 3 shows the voltage of the pilot bus when only droop
controllers are utilized. As shown in Fig. 3, the regulated voltage
at the pilot bus has steady-state error. This is due to the fact
that droop controllers are proportional controllers and cannot
eliminate the steady-state errors.

Scenario (2): The proposed distributed voltage controller is
applied to the MTdc system.

This scenario is similar to Scenario (1), but the proposed
distributed controller is utilized. The droop gains are 60, 20,
and 60 MW/kV, respectively. Fig. 4 shows the voltage of the
pilot bus in this case.

As shown in Fig. 4, the controller has successfully regulated
the voltage of the pilot bus. Moreover, as shown in Fig. 4, the
contributions of converters are proportional to their droop gains.
Converters 1 and 3 which have similar droop gains contribute
equally, meaning their ΔP is equal.

However, as droop gain of converter 2 is one-third of that of
converters 1 and 3, its contribution (i.e., ΔP) is one-third of that
of converters 1 and 2.
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Fig. 4. Output power of converters for Scenario (2).

Scenario (3): The proposed distributed voltage controller is
utilized in presence of a lossy communication link.

In this case, the same condition as Scenario (2) is considered,
but the communication link between converters 2 and 3 is
lossy in which the data packets are dropped every 0.1 s. This
means the communication topology changes frequently as the
communication link between converters 2 and 3 and goes ON

and OFF every 0.1 s.
Moreover, to demonstrate the impact of droop gains, Scenario

(2) is considered but the droop gain of converter 2 is changed
from 20 to 60 MW/kV. As shown in Fig. 5, in this case, the
proposed distributed voltage control successfully regulates the
voltage of the pilot bus.

As shown in Fig. 5, the contributions of the converters are
proportional to their droop gains. In this case, as all droop gains
are equal, the contribution of all three converters (i.e., ΔPs) is
equal too.

Scenario (4): The proposed distributed voltage controller is
utilized in the presence of failure of communication link between
converters 2 and 3 and time delay of 20 ms.

This scenario demonstrates the performance of the proposed
distributed voltage controller in the case of change of commu-
nication topology due to failure of communication link between
converters 2 and 3 at t = 3 s. Moreover, time delay of 20 ms
is considered in the communication system. In this scenario at t
= 2.5 s, the injected power from the wind farms changes from
600 to 800 MW at converter 4 and from 1000 to 1500 MW at
converter 5.

Fig. 5. Voltage of pilot bus and output power of converters for Scenario (3).

The output power of converters 1–3 should increase to balance
out this excess of the power in the MTdc system. The droop gains
are 60, 60, and 60 MW/kV, respectively.

As shown in Fig. 6, the proposed distributed cooperative
voltage controller can successfully regulate the voltage of pilot
bus even under the failure of communication link between
converters 2 and 3. Also, Fig. 6 demonstrates fair power sharing
among converters in which all converters contribute equally to
the voltage regulation as their droop gains are equal.

Scenario (5): The proposed distributed voltage controller is
utilized in the presence of failure of all communication links
between converter 3 and the rest of the system and multiplicative
noise.

This scenario demonstrates the performance of the proposed
distributed voltage controller in the case of loss of communi-
cation links between converter 3 and the rest of the system at
t = 3 s, which may occur due to failure of transmitter/receiver
systems at converter 3. In this scenario, the number of agents
in the distributed controller changes. It is assumed upon loss
of communication system, converter 3 operates based on the
latest available command from the distributed controller and the
droop controller. Moreover, multiplicative noise of ±10% in the
communication network is considered.

In this scenario, at t = 2.5 s, the injected powers from the
wind farms change from 600 to 1100 MW at converter 4, and
from 1000 to 1800 MW at converter 5. The droop gains are 60,
60, and 60 MW/kV, respectively.
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Fig. 6. Voltage of pilot bus and output power of converters for Scenario (4).

As shown in Fig. 7, the distributed controller successfully
regulated the voltage of pilot bus despite total failure of com-
munication between converter 3 and the rest of the system. Also,
Fig. 7 shows the fair power sharing between converters 1 and 2
takes place.

As expected, converter 3 does not follow fair power sharing
as there is no communication between this converter and the rest
of the system.

VI. DISCUSSION OF RESULTS

This article proposed two main aspects: (1) a model for repre-
senting the dynamic response of the converters to the secondary
control command; and (2) a distributed cooperative controller
that its convergence was proved analytically. The simulation
results demonstrated the accuracy of the proposed methods
numerically. The simulation results also demonstrated the ro-
bustness of the proposed method against real-world scenarios
such as presence of noise and time-delays in the communica-
tion network, failure of communication links, and loss of data
packets. The future work could be enhancement of the proposed
method to consider other scenarios such as failures of actuators
or saturation of the actuators.

VII. CONCLUSION

In this article, a novel distributed cooperative voltage control
scheme for MTdc systems was proposed that regulates voltage
of the pilot bus with fair power sharing among converters.

Fig. 7. Voltage of pilot bus and output power of converters for Scenario (5).

A mathematical model for representing the dynamics of
converters was proposed and used for the distributed control
of converters. The controller does not require any information
about the communication system or number of converters and
only requires communication with the neighboring converters.

The proposed controller enhances the resilience of the dis-
tributed cooperative control schemes against communication
system failures and degradations such as failures of links, data
packet drops, and presence of multiplicative noise.

The simulation results of CIGRE MTdc test system (DCS3)
demonstrated the effectiveness of the proposed controller in
regulating the voltage of MTdc systems. The simulation results
demonstrated the robustness of the proposed method against
failure of communication links and presence of noise in the com-
munication links. Moreover, the simulation results demonstrated
that the proposed method can address the challenging problem
of lossy communication links in which the communication
topology is a switching graph.

APPENDIX

Proof of Theorem 1: First, we have

ζ̄i =

N∑
j=1

�̄ij (t) x̄j (A1)

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on April 05,2022 at 12:08:51 UTC from IEEE Xplore.  Restrictions apply. 



LOTFIFARD et al.: DISTRIBUTED COOPERATIVE VOLTAGE CONTROL OF MULTITERMINAL HIGH-VOLTAGE DC SYSTEMS 183

with x̄i = xi − xr. Therefore, the closed-loop system of (24)
and (25) can be written as follows:

x̄i = −
N−1∑
j=1

�̄ij (t) ρ
ix̄j . (A2)

Then, the following is defined:

vi = ζ̄i (A3)

and let

x̄ =

⎛
⎜⎜⎜⎝

x̄1

x̄2

...
x̄N

⎞
⎟⎟⎟⎠ , v =

⎛
⎜⎜⎜⎝

v1

v2

...
vN

⎞
⎟⎟⎟⎠ , and ρ =

⎛
⎜⎝
ρ1 · · · 0
...

. . .
...

0 · · · ρN

⎞
⎟⎠ . (A4)

Then, the following can be obtained:

˙̄x = − (
ρL̄ (t)⊗ I

)
x̄ (A5)

by using (25). By contradiction, it is shown that all vi ∈ L2,
which implies that all ρi are bounded.

Assuming that this is not true, it can be found that there exist
some agents, for which ρi(t) → ∞, as t → ∞. Without loss of
generality, it is assumed that for agents i = 1, . . . , k, we have
ρi(t) → ∞ (i.e., vi /∈ L2) while for agents i = k + 1, . . . , N , it
can be obtained ρi(t) is bounded (i.e., vi ∈ L2). Let us define

x̄I =

⎛
⎜⎜⎜⎝

x̄1

x̄2

...
x̄k

⎞
⎟⎟⎟⎠ , vI =

⎛
⎜⎜⎜⎝

v1

v2

...
vk

⎞
⎟⎟⎟⎠ , ρI =

⎛
⎜⎝

ρ1 · · · 0
...

. . .
...

0 · · · ρk

⎞
⎟⎠ (A6)

and

x̄II =

⎛
⎜⎜⎜⎝

x̄k+1

x̄k+2

...
x̄N

⎞
⎟⎟⎟⎠ , vII =

⎛
⎜⎜⎜⎝

vk+1

vk+2

...
vN

⎞
⎟⎟⎟⎠ , ρII =

⎛
⎜⎝

ρk+1 · · · 0
...

. . .
...

0 · · · ρk+N

⎞
⎟⎠ .

(A7)
The following can be acquired:

L̄ (t) =

(
L̄1 (t) L̄2 (t)
L̄T
2 (t) L̄3 (t)

)
. (A8)

In the special case where k = N (i.e., all ρi are unbounded),
the above decomposition is not needed. The proof below is then
still valid except all terms involving xII , vII , and ρII are no
longer present.

Next, the following candidate for Lyapunov function is con-
sidered:

V I =
(
x̄I

)T ((
ρI
)−1 ⊗ I

)
x̄i. (A9)

We calculate the time derivative of V along the trajectories of
system (10) as follows:

V̇ I = −(
xI

)T (
((ρI

)−2
ρ̇I)⊗ I)x̄I

− 2
(
x̄I

)T (
L̄1 (t)⊗ I

)
x̄I − 2

(
x̄I

)T (
L̄2 (t)⊗ I

)
x̄II

≤ −2
(
x̄I

)T (
L̄1 (t)⊗ I

)
x̄I − 2

(
x̄I

)T (
L̄2 (t)⊗ I

)
x̄II

≤ x̄T

[(−2L̄1 (t) −L̄2 (t)
−L̄T

2 (t) 0

)
⊗ I

]
x̄. (A10)

Since L̄(t) ≥ βI , it is known L̄1(t), L̄2(t), and L̄3(t) are
bounded. Therefore, there exists T > 0 and μ, v > 0 such that(−2L̄1 (t) −L̄2 (t)

− L̄T
2 (t) 0

)
≤

(−μI 0
0 vI

)
. (A11)

Then, one can obtain

V̇ I ≤ −μ
(
x̄I

)T
x̄I + v

(
x̄II

)T
x̄II (A12)

for t > T . By construction, it is obtained that x̄I /∈ L2 and
x̄II ∈ L2.

But this yields a contradiction with the above inequality
since V I is always non-negative. Therefore, all the x̄i ∈ L2,
or equivalently, all the ρi are bounded. But then

V = x̄T
((

ρI
)−1 ⊗ I

)
x̄ (A13)

satisfies

V̇ = −x̄T
((
ρ−2ρ̇

)⊗ I
)
x̄− 2x̄T

(
L̄⊗ I

)
x̄ ≤ −2x̄T

(
L̄⊗ I

)
x̄ .

Since x̄ ∈ L2, it is found that V (t) → 0 as t → 0 . But since
ρ is bounded, this yields that x̄ → 0 as t → 0 , i.e., xi → xr. In
other words, synchronization is achieved.
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