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Abstract: The stabilization problem of multi-terminal high-voltage direct current (MT-HVDC) sys-
tems feeding constant power loads is addressed in this paper using an inverse optimal control (IOC).
A hierarchical control structure using a convex optimization model in the secondary control stage
and the IOC in the primary control stage is proposed to determine the set of references that allows
the stabilization of the network under load variations. The main advantage of the IOC is that this
control method ensures the closed-loop stability of the whole MT-HVDC system using a control
Lyapunov function to determine the optimal control law. Numerical results in a reduced version of
the CIGRE MT-HVDC system show the effectiveness of the IOC to stabilize the system under large
disturbance scenarios, such as short-circuit events and topology changes. All the simulations are
carried out in the MATLAB/Simulink environment.

Keywords: inverse optimal control; MT-HVDC systems; global stabilization; large disturbances;
Kron’s reduction; semidefinite programming

1. Introduction
1.1. General Context

HVDC systems have gained much attention in recent decades due to the advantage
over power transmission capabilities with low power losses instead of HVAC because
there is no radiation, induction, and dielectric losses. In addition, the lines of the HVDC
systems produce low-intensity noise interference compared to HVAC transmission lines [1].
The HVDC systems allow a friendly integration of renewable energies, guaranteeing
their stability and optimal operation [2]. Therefore, they need advanced control and
optimization methods to perform their optimal and proper operation. The control of the
HVDC systems is carried out by managing the power electronic converter devices related to
each energy resource [3,4], while the optimal operation of the HVDC systems is performed
to obtain the best operation point [5]. In general, to ensure a satisfactory operation of
an electrical network, even with AC or DC technologies, it is mandatory to use different
levels of control that are entrusted with the stabilization of the grid and the possibility of
recovering the secure operation after large disturbance events; as well as the possibility to
maintain the grid in an optimal operation point under steady-state conditions. Each one
of these levels of control can be condensed with hierarchical operation strategies divided
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from tertiary to primary levels [6,7]. The tertiary stage is entrusted with determining the
best operative point as a function of the grid operator requirements, i.e., energy losses
or voltage profile performance, among other possible objectives [8]. Once the optimal
operative point is defined, it is transferred to the primary and secondary control stages
where the power electronic converters that interface renewable energy resources, energy
storage systems, conventional sources, and constant power loads [9]. The main challenge
with the design of the hierarchical controller corresponds to the possibility of ensuring
global optimization properties in the tertiary control stage and asymptotic stability in the
primary and secondary control layers [10].

1.2. Motivation

The study of HVDC systems represents a significant challenge from the point of view
of the hierarchical control design since each one of the control stages must be adequately
defined to ensure the secure operation of the network regarding stability and optimality
properties [9]. In the tertiary control stage, optimization methodologies are required to
ensure that the reference point provided to the primary and secondary control stages
are indeed optimal [8]. However, owing to the nonlinear non-convex nature of the opti-
mal power flow problem for HVDC systems [11], this task must be entrusted to convex
approximations such as semidefinite programming or second-order cone equivalents of
the exact power flow problem that ensure the global optimum reaching. In relation with
the primary-secondary control schemes, control methodologies are required that allow
reaching the reference points ensuring asymptotically stability properties [12]. However,
due to the nonlinear characteristics associated with the grid dynamic model, the control
problem requires advanced nonlinear control approaches [13].

Please note that the nonlinearities in the optimization and control stages in the op-
eration and control design of HVDC systems motivate this research to propose a novel
hierarchical control strategy that ensures the optimality and stability conditions in closed-
loop operation for this type of power system. There are several optimal control approaches
that can adapt to this problem such as direct optimal control (DOC) [14], optimal LMI-based
state feedback control (OFC-LMI) [15], inverse optimal control (IOC) [16,17], among others.
The DOC method performs the optimization considering various limiting constraints,
which are transcribed the several-dimensional problem to a finite-dimensional one [14].
The OFC-LMI approach is mainly used in problems with uncertain nonlinear systems,
which can be represented as Lipschitz nonlinearities [15]. The IOC method is based on Lya-
punov’s control functions, guaranteeing asymptotic stability in nonlinear systems under
optimal control law [16,17]. The problem with the first two approaches is that they may
require much computation and not take advantage of the system topology to propose a
simple control law. In contrast, the IOC method can take advantage of the system topology
from the Lyapunov candidate function.

1.3. Review of the State-of-the-Art

Many authors have proposed several control methods and studies for multi-terminal
(MT) HVDC systems. In [18], the power transfer capacity on MT-HVDC systems was
studied as well as their small-signal analysis of under-damped oscillations in the inter-area
modes. In [19], an active power-sharing in large-scale MT-HVDC systems was presented
to improve droop-based control and thus, reinforce the stability of the DC systems based
on droop parameters. In [20], it was studied and analyzed how the size of the capacitors
affects the voltage peaks in MT-HVDC systems under disturbance. Additionally, the im-
pact of the droop resistance under primary control was analyzed using conventional PI
controllers. In [21], the optimal operation and stabilization of MT-HVDC systems were
proposed via passivity-based control and convex optimization. Other controllers have
been proposed, such as the power-sharing controls [22,23], feedback nonlinear control
based on the Lyapunov theory [24], predictive fuzzy control model [25], Kalman filter
control [26], model predictive control [27]. Unlike previous works, we propose an IOC
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method to perform the primary control of an MT-HVDC system, which guarantees the
whole system’s closed-loop stability by employing a control Lyapunov function to design
the optimal control law. At the same time, the secondary control is carried out for a convex
optimization model, which determines the optimal operating points.

1.4. Contributions and Scope

Based on the revision of the state-of-the-art, the main contributions of this research
are listed below:

X The application of a robust control technique named inverse optimal control to MT-
HVDC systems that ensures asymptotically stability properties in the sense of Lya-
punov for closed-loop operation, and optimality properties with respect to the refer-
ence operational point.

X The proposition of a new hierarchical-based control design for MT-HVDC systems
by combining a semidefinite programming model to solve the optimal power flow
problem in the tertiary level and the IOC to ensure the asymptotic convergence of the
voltage variables to their references in the primary-secondary control level.

The application of the proposed hierarchical control scheme is focused mainly on
transmission systems with meshed structures and a high presence of constant power
loads. Nevertheless, the proposed approach is perfectly applicable to low-voltage DC grids
with radial or meshed structures without any modification. On the other hand, the main
characteristic of the proposed controller is associated with its centralized nature, since
all the measures of the state variables in the constant power terminals are required to
generate the feedback control law that will be sent to all the power electronic converters
that interface these terminals.

1.5. Document Organization

This paper is organized as follows: Section 2 presents MT-HVDC’s mathematical
modeling and its dynamic representation for primary control. Section 3 presents the IOC
design applied to MT-HVDC systems. Section 4 describes the application of the IOC to
MT-HVDC systems. Section 5 presents the simulation results of the proposed control
applied to the CIGRE MT-HVDC test system. Finally, in Section 6, the main conclusions
derived from this work are named.

2. MT-HVDC Modeling

An MT-HVDC system can be represented with a grid equivalent where all the constant
power loads are connected through power electronic converters [27]. To obtain the general
dynamic model for the MT-HVDC system, let us consider the general representation for an
arbitrary m bus with a constant power load depicted in Figure 1.

cm

Bus m

gm
pm
vm

im

Figure 1. Reduced model for a node with a constant power load [21].

In general, the simplified representation of an arbitrary node m with a constant power
load is possible by assuming that each load is interfaced through a power electronic
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converter that allows controlling the current output to maintain constant power generation
or consumption [28].

To obtain the general dynamic behavior of the node m, it is applied the first Kirchhoff’s
law on it, which produces:

cmv̇m = pmv−1
m − gmvm − im, (1)

where cm is the capacitance value, gm is the equivalent conductive effect of a constant
resistive load, pm the value of the constant power load consumption, vm is the state variable
associated with the voltage at node m, and im is the current injected to this node.

To obtain an equivalent dynamic model for the whole MT-HVDC system Equation (1)
is compacted with its matrix equivalent by assuming that the system has been reduced only
to s nodes that include power electronic converters [21]; which generates the following
general dynamic grid model.

CsV̇s = diag−1(Vs)Ps − GsVs− Is, (2)

where Cs ∈ Rs×s is a positive definite diagonal matrix that contains all the capacitive effects
of the reduced grid, Gs is the reduced conductance matrix which is positive semidefinite (it
contains all the conductances in the constant power terminals being a diagonal matrix);
Vs ∈ Rs×1 is the vector of state variables regarding the voltages in all the reduced nodes;
and Is ∈ Rs×1 is the grid injected current by the constant power terminals in the reduced
grid. Please note that diag−1(Vs) is a matrix with s × s dimensions which is positive
definite and contains the inverse of the voltages at each node in its diagonal.

Now, to obtain the equivalent reduced model of the MT-HVDC system, we apply the
Kron’s reduction approach by maintaining only the constant power terminals. For this
purpose, let us consider the general representation of a DC network with the conductance
matrix as presented in Equation (3).[

Is
Ir

][
Gss Gsr
Grs Grr

][
Vs
Vr

]
, (3)

where Gss ∈ Rs×s, Gsr = GT
rs ∈ Rs×r, and Grr ∈ Rr×r are the conductance submatrices that

relates nodes with power electronic converters and step- nodes or nodes with pure resistive
loads; Ir ∈ Rr×1 is the current injected in step- and pure resistive loads, and Vr ∈ Rr×1

correspond to the voltages in these nodes.
To apply the Kron’s reduction, it is assumed that the grid injected current in the step

or pure resistive nodes, i.e., Ir is null since these effects are completely included in the
conductance matrix. Therefore, Ir = 0 in (3) produce the following reduction:

Is =
(

Gss − GsrG−1
rr Grs

)
Vs = HssVs. (4)

Please note that the dynamical model of the MT-HVDC system can be reached if (4) is
substituted in (2), with Js = Hss + Gs.

CsV̇s = diag−1(Vs)Ps − JsVs. (5)

It is worth mentioning that in the case of the steady-state analysis, the dynamic
model (5) is reduced to

Ps = diag(Vs)JsVs, (6)

which corresponds to a set of nonlinear algebraic equations known in the specialized
literature as the power flow problem [21]. An important fact of this set of equations, is
that its solution will provide the equilibrium point where the dynamic model (6) must
be stabilized.
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3. Global Stabilization via IOC

The inverse optimal control design corresponds to a robust control theory from the
family of control Lyapunov functions that allows ensuring asymptotic stability in nonlinear
dynamical systems based on an optimal control law [16,17]. Let us consider a general
nonlinear dynamical system as follows [29,30]:

ẋ = f (x) + g(x)u, x0 = x(0) (7)

where x ∈ Rn×1 is the state vector, u ∈ Rm×1 is vector of control inputs, f (x) : Rn×1 →
Rn×1 and g(x) : Rn×1 → Rn×m are nonlinear functions on the states.

The optimal problem can be formulated as an optimization model with the object of
finding an optimal control law u = u? that minimizes/maximizes a performance indicator.
This indicator can be defined as follows:

J =
∫ ∞

0

(
l(x) + uT R(x)u

)
dt (8)

where l(x) is a positive semidefinite function and R(x) is positive definite function on the
states. Please note that a control law u? fulfilling the requirement on J can be defined
based on the following theorem [16], where l(x) and R−1(x) are defined through the
performance indicator; while the nonlinear functions f (x) and g(x) are provided by the
dynamical system (7).

Lemma 1 (Optimality and stability lemma). Consider that there is a positive semidefinite
function V(x) class C1 which fulfills the Hamilton-Jacobi-Bellman (HJB) constraint [31]:

l(x) +
∂V
∂x

f (x)− 1
4

∂V
∂x

g(x)R−1(x)gT(x)
∂V
∂x

= 0 (9)

with V(0) = 0, such that the feedback nonlinear controller takes the following form:

u? = −1
2

R−1(x)gT(x)
∂V
∂x

(10)

which allows reaching asymptotically stability at x = 0. Then, it is possible to affirm that u? is the
optimal control law that minimizes the function J overall u ensuring that limt→∞ x(t) = 0, being
V(x) the optimal value function.

Proof. In concordance with this result, it must be necessary to solve the HJB equation by
finding the function V(x); however, there is an alternative way to find the optimal control
law u? without solving the partial differential Equation (9) [16]. In the alternative case,
the control law is proposed first, then, the corresponding performance indicator subject to
minimization is found [29].

Let us to define the optimal control law u? as follows:

u? = −1
2

R−1(x̃)gT(x)
∂V
∂x̃

, (11)

where R(x̃) is a positive definite matrix with symmetrical structure, and x̃ = x− x? defines
the measure vector of state errors, being x? the desired value of the state x. Next, we
assume a quadratic function V(x̃) such that:

V(x̃) =
1
2

x̃TQx̃, (12)
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where Q ∈ Rn×n is a positive definite matrix with symmetrical structure; that after being
partially derived and substituted in (11) produces the following optimal control law

u? = −1
2

R−1(x̃)gT(x)Qx̃. (13)

Now, let us suppose that V(x̃) is considered to be a Lyapunov candidate function,
then, the time derivative of this function is as follows [16]:

V̇(x̃) =
∂V
∂x̃

ẋ =
∂V
∂x̃

f (x) +
∂V
∂x̃

g(x)u, (14)

where can be rewritten if we chose u = 1
2 u? as presented below.

V̇(x̃) =
∂V
∂x̃

f (x)− 1
4

∂V
∂x̃

g(x)R−1(x̃)gT(x)Qx̃ ≤ 0. (15)

Then, to hold (9) it is required that l(x̃) takes the following structure:

l(x̃) = −V̇(x̃) = −∂V
∂x̃

f (x) +
1
4

∂V
∂x̃

g(x)R−1(x̃)gT(x)Qx̃ ≤ 0, (16)

which confirm that u? in (11) is the optimal control law completing the proof.

It is worth mentioning that the IOC design is depending on the selection of the
Lyapunov candidate function V(x̃) in (12) and it minimizes the performance indicator (8)
always that l(x̃) fulfills (16) [29].

4. Application of the IOC to MT-HVDC Systems

To ensure the global stabilization of an MT-HVDC system model through the dynami-
cal system (5), let us define the vector of states ẋ = V̇s and the control input as u = Ps and
the nonlinear functions f (x), and g(x) as follows:

f (x) = −Ks Jsx, (17)

g(x) = Ksdiag−1(x), (18)

where Ks is the inverse of the capacitance reduced matrix Cs.
Now, to define the control law, we substitute these functions on (13), the following

optimal control law is found.

u? = −1
2

R−1(x̃)
(

Ksdiag−1(x)
)T

Qx̃, (19)

where by properties of the diagonal matrices,
(

diag−1(x)
)T

= diag−1(x) and Ks = KT
s ;

and if we select R−1(x̃) as Ks, then the optimal control law that allows asymptotic stabiliza-
tion for an MT-HVDC systems takes the following form:

u? = −1
2

diag−1(x)Qx̃. (20)

Please note that Q can be interpreted as the control gains matrix that will determine
the speed of convergence of the voltages in the MT-HVDC system to their references.
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Remark 1. To eliminate the possible steady-state errors produced by the nonlinear proportional op-
timal control input (20), we add an integral action that does not affects the stability test. The adapted
proposed control input takes the following form:

u? =− 1
2

diag−1(x)
(
Qp x̃ + Qiz

)
,

ż =x̃, (21)

where Qi and Qp represent the integral and proportional control gains, and z is the integral of the
measured error between the state variables and the reference signals.

One of the main challenges to determine the optimal references for x? is to solve the
set of nonlinear Equations (6) using an optimization criterion. Here, we adopt the optimal
power flow (OPF) model to obtain these references [28]. The OPF model for an MT-HVDC
system takes the following structure:

Obj. Func. min PL = xT Hssx,

Subject to: u = Pg
s − Pd

s = diag(x)Hssx, (22)

Pg,min
s ≤ Pg

s ≤ Pg,max
s ,

xmin ≤ x ≤ xmax.

where Pg
s ∈ Rn×1 is the vector of constant power generations, Pd

s ∈ Rn×1 is the vector
of constant power consumptions; xmin ∈ Rn×1 and xmax ∈ Rn×1 are the vector with the
minimum and maximum voltage regulation bounds of the network; and PL is the objective
function value associated with the grid power losses.

Please note that the optimization model for the OPF problem is nonlinear and non-
convex due to the products among voltage variables. However, these can be solved with
a convex approximation based on semidefinite programming (SDP) [28], Second-order
cone programming (SOCP) [32], and/or recursive linear approximations [33]; with the
main advantage that the returned values for the vector of states (i.e., x?) are indeed the
optimal references for the voltages in the reduced MT-HVDC system. Figure 2 illustrates
the proposed hierarchical controller to stabilize MT-HVDC systems.

From Figure 2 it is possible to observe that: (i) Constant power terminals n and t are
non-controlled constant power consumptions which are associated with the variable Pd

s
in the optimization model (22). These values are forecasted from an economic dispatch
analysis; (ii) constant power terminals l, k, m and t are controlled generators that provide
electrical power to the grid as a function of the energy availability in the case of renewable
energy (i.e., photovoltaic and wind power) or the economic dispatch in the case of thermal
power plants; and (iii) the proposed stabilization scheme is a primary-secondary control
scheme based on the hierarchical control design using a centralized controller, where the
primary control (i.e., the IOC design) is entrusted with the grid stabilization, and the
secondary controller is entrusted with the grid optimization (i.e., OPF solution), i.e., of
providing the references for the proposed controller.
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Figure 2. Hierarchic controller design via OPF and IOC.

5. Numerical Implementation

This section presents all the computational validation for our proposed global sta-
bilization method for MT-HVDC systems with the hierarchical control structure shown
in Figure 2. All simulations were carried out in MATLAB using its 2021b version on a PC
with an AMD Ryzen 7 3700 2.3-GHz processor and 16.0 GB RAM, running on a 64-bit
version of Microsoft Windows 10 Single Language. The electrical network is implemented
with the help of the Simulink/Simscape environment.

5.1. MT-HVDC System under Analysis and Simulation Cases

To validate the proposed hierarchical control, we consider a reduced version of the
CIGRE MT-HVDC system presented in [20]. It is composed of six buses and five power
electronic interfaces as presented in Figure 3.

This system is operated with 400 kV, and we assume that the slack source is located at
node 1. In addition, the parametric information of the overhead lines and the cables can be
consulted in [21]; and the information of the constant power generation and loads is listed
in Table 1.

Table 1. Demand and generation information for three periods of time.

Node T1 (MW) T2 (MW) T3 (MW)

1 Slack — — —
2 CPL 850 1500 1200
3 CPL 1500 1400 2000
4 CPL 1850 2350 1500
5 PV 2550 500 1250
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z4
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DC-AC
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DC-ACDC-AC

DC-AC

1 4

5

3

2

Figure 3. MT-HVDC grid developed by the CIGRE B4 working group.

The validation of the proposed hierarchical control design is made through the fol-
lowing simulation cases, which consider a normal operation case and some large distur-
bance events:

X The evaluation of the asymptotic convergence properties of the proposed IOC to reach
the references provided by the tertiary control scheme, i.e., the solution of the optimal
power flow problem through the SDP approximation. This evaluation is made by
introducing three load variations in some constant power terminals that can be caused
in the real operation by load changes or variations in the amount of power provided
by renewable energy resources (see powers reported in Table 1).

X The analysis of a temporary short-circuit event in one of the MT-HVDC system buses
with a duration of about 100 ms and a fault resistance of 15 Ω, which for a 400 kV can
be considered to be a severe short-circuit event, since currents in the range of tens of
thousands of amperes can appear in some areas of the network.

X The disconnection of a transmission line due to the incorrect operation of the protective
devices in its extremes, which produces a grid topology variation that implies the need
for recalculating the reduced conductance matrix to update all the voltage references
with the SDP model.

5.2. Voltage Control under Load Variations

To demonstrate the effectiveness of the IOC to stabilize the voltage in all the nodes of
the network, we present the voltage variation and its reference for nodes 2 and 5 considering
that the proportional and integral gains are set with diagonal values of 20 and 2000, which
are multiply by 2 to have the same numerical performance reported in [21]. In addition, we
compare the voltage performance reached with the proposed IOC and the passivity-based
control (PBC) design presented in [21].

From results in Figure 4, we can observe that: (i) the reference for the voltage profiles
have been obtained after solving the optimization model (22) using the CVX tool for
semidefinite programming models as recommended in [28]; (ii) in both buses the voltage
profile provided by the IOC have lower oscillations at the after the reference variations
when compared with the PBC design; which is attributable to the controller form since the
PBC control used the diag(x) of the voltage variables (this amplify the effect of the voltage
variations), while the proposed IOC works with the inverse diag−1(x) which introduce
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additional damping when voltage change; and (iii) the settling time in both controllers is
the same, which is attributable to the fact that both controllers have tuned equal and both
include integral actions that eliminate the steady-state error after reference changing.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
0.920

0.930

0.940

0.950

0.960

0.970

0.980

0.990

1.000

(a
)v

2
(p

.u
)

Ref. IOC PBC

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
0.930
0.940
0.950
0.960
0.970
0.980
0.990
1.000
1.010
1.020
1.030
1.040

Time (s)

(b
)v

5
(p

.u
)

Figure 4. Voltage profiles at nodes 2 and 5. (a) voltage profile at node 2, and (b) voltage profile at node 5.

To demonstrate that the tertiary control scheme based on the SDP model can ensure the
optimal solution of the optimal power flow problem, the complete solution of this problem
for all the three load changes defined in Table 2 are listed in Table 1. This table compares
the optimal solutions provided by the GAMS software using the KNITRO solver, which is
an exact nonlinear optimization tool that allows solving nonlinear programming problems
via interior point methods [34], with the solution reached with the SDP approximation [28].

Table 2. Comparisons among voltages provided by the GAMS/KNITRO solver and the SDP approx-
imation.

GAMS-KNITRO

Period [s] v2 (p.u) v3 (p.u) v4 (p.u) v5 (p.u)

T1 0.96940387 0.98277874 0.98917412 1.00054847
T2 0.94812789 0.97359505 0.97524539 0.97910535
T3 0.95587639 0.97489993 0.98858684 0.99519122

CVX-MATLAB

Period [s] v2 (p.u) v3 (p.u) v4 (p.u) v5 (p.u)

T1 0.96936016 0.98271970 0.98906506 1.00034174
T2 0.94812784 0.97359505 0.97524544 0.97910548
T3 0.95592569 0.97496718 0.98870912 0.99543415

Please note that the solution of the optimal power flow model using the convex
proposed reformulation estimates a total power loss of 0.3615 p.u. with a tracking error
lower than 2× 10−4% in comparison to the exact solution through the KNITRO solver.
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This result validates the application of the SDP to solve optimal power flow problems in
DC networks with optimality properties [35,36].

5.3. Operation under a Short-Circuit Event

To evaluate the numerical performance of the proposed IOC design to maintain the
MT-HVDC system stable, we evaluate the effect of a short-circuit event in the bus that
connects lines 1 and 4 in Figure 3; and we plot the voltage profile at node 2. The duration
of the short-circuit is about 100 ms, and the fault resistance is selected as 15 Ω. Please note
that all the power injection adsorptions in constant power loads are set between±4000 MW
to present the security of each power electronic converter [21].

The behavior of the voltage profile in Figure 5 shows that both controllers have a
similar performance during the fault, i.e., between 0.5 s and 0.6 s; however, the PBC
approach presents a lower voltage peak when compared with the IOC. On the other hand,
when the fault is clarified after 0.6 s, both controllers maintain stable the voltage profile at
reference with a recuperation time of about 400 ms with an over-peak at the beginning of
the fault clarification about 1.23 pu in both cases.
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0.900

0.950

1.000
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1.150
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.u
)

Ref. IOC PBC

Figure 5. Effect on the voltage profile at node 2 when a short-circuit fault with 15 Ω occurs at node between lines 1 and 4.

5.4. Topology Variation

To verify the effectiveness of the IOC in the primary-secondary control stage, we
evaluate a topology variation through the simulation of a line disconnection in both
extremes due to the incorrect operation of the protective devices. The line disconnected
corresponds to line Z6. With the new grid topology, the voltage references previous to
the disconnection do not minimize the objective function regarding power losses since
the equivalent conductance matrix has changed. To evaluate this simulation case, we
consider that the system is working in the load conditions associated with the period T1
presented in Table 1. To show that the system ensures the minimization of the power losses
by recalculating the voltage references owing to the grid topology changes, we present the
total power injection at the slack source (see Figure 6), i.e., bus 1. It is important to mention
that a time delay of 500 ms caused by the communication system traffic is assumed.

Please note that the demeanor of the slack power generation guarantees under steady-
state operative conditions that the total grid power losses are minimized since the voltage
references provided by the SDP approach in the tertiary control stage are indeed the
optimal values for the assigned operative conditions. This implies that previous to the
grid topology change, the total power losses of the system are 7.4223 MW as can be seen
in Figure 6 before 2 s. During the period between 2.0 s to 2.50 s, the amount of power losses
in the network is not minimized since this is a transient time where the main interest of
the primary-secondary controller is to maintain the MT-HVDC system stable. Once the
conductance matrix was updated and the SDP model was resolved for the new operative
conditions, the output power in the slack source is again optimal, which entails that the
power losses in steady-state conditions are stabilized in the desired value, i.e., 8.9856 MW.
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Figure 6. Output power at the slack source, i.e., bus 1.

6. Conclusions and Future Works

The problem of the global stabilization on MT-HVDC systems was addressed in
this paper from the IOC method, which allowed dealing with the nonlinearities of the
MT-HVDC dynamical model to propose an optimal control law that ensures asymptotic
convergence of the state variables to the desired references by adding an integral action
to eliminate the steady-state error caused by unmodeled dynamics. Numerical results
demonstrate that the IOC design presents a better dynamic performance when compared
with the PBC approach since the overshoots that occur when the references’ changes were
smaller than the obtained with the PBC approach. A semidefinite approximation of the
optimal power flow problem was used to ensure that the MT-HVDC system works on
the optimal point. This approach ensures the global optimum reaching due to the convex
nature of the solution space with minor errors for the exact nonlinear optimal power
flow model. The validation of the effectiveness of the proposed IOC and the SDP on a
hierarchical primary-secondary control structure was made under strong disturbances such
as a short-circuit and a grid topology variation (line disconnection) that allowed observing
that the system remains stable after the fault clarification.

As possible future works, the following research could be conducted: (i) the inclusion
of parametric uncertainties in the grid parameters and their effect in the Kron’s reduction
matrix; (ii) the inclusion on the centralized control design of the explicit effect of the
time-delays between the acquisition data and the control input set adds the possibility
of having data lost at the communication level; and (iii) the design of a decentralized
control scheme that reduces the dependency on the communication infrastructure using a
consensus protocol with local information regarding the neighbor terminals.

Author Contributions: Conceptualization, methodology, software, and writing—review and editing,
O.D.M.; W.G.-G.; F.M.S.; C.H.D.A. and J.C.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported in part by the Centro de Investigación y Desarrollo Científico
de la Universidad Distrital Francisco José de Caldas under grant 1643-12-2020 associated with
the project: “Desarrollo de una metodología de optimización para la gestión óptima de recursos
energéticos distribuidos en redes de distribución de energía eléctrica”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: This work has been derived from the doctoral research project: “Análisis,
operación y control de convertidores para la integración de recursos energéticos distribuidos en redes
eléctricas aisladas” presented by the student Oscar Danilo Montoya to the Doctoral program of the



Electronics 2021, 10, 2819 13 of 14

Engineering Faculty at Universidad Nacional de Rio Cuarto as a partial requirement for the PhD in
Engineering Sciences.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Alassi, A.; Bañales, S.; Ellabban, O.; Adam, G.; MacIver, C. HVDC transmission: Technology review, market trends and future

outlook. Renew. Sustain. Energy Rev. 2019, 112, 530–554. [CrossRef]
2. Xiang, X.; Merlin, M.M.C.; Green, T.C. Cost analysis and comparison of HVAC, LFAC and HVDC for offshore wind power

connection. In Proceedings of the 12th IET International Conference on AC and DC Power Transmission (ACDC 2016), Beijing,
China, 28–29 May 2016; pp. 1–6. [CrossRef]

3. Elnady, A.; Adam, A. Decoupled State-Feedback Based Control Scheme for the Distributed Generation System. Electr. Power
Components Syst. 2018, 46, 494–510. [CrossRef]

4. Serra, F.M.; Angelo, C.H.D. Control of a battery charger for electric vehicles with unity power factor. Trans. Energy Syst. Eng.
Appl. 2021, 2, 32–44. [CrossRef]

5. Montoya, O.D.; Gil-González, W.; Garces, A. Optimal Power Flow on DC Microgrids: A Quadratic Convex Approximation. IEEE
Trans. Circuits Syst. II Exp. Briefs 2018, 66, 1018–1022. [CrossRef]

6. Yang, W.; Xu, Z.; Han, Z. Co-ordinated hierarchical control strategy for multi-infeed HVDC systems. IEE Proc.-Gener. Transm.
Distrib. 2002, 149, 242. [CrossRef]

7. Fan, B.; Wang, K.; Zheng, Z.; Li, Y.; Wu, X. Hierarchical control system of modular multilevel converter used in high-voltage direct
current transmission. In Proceedings of the 2014 17th International Conference on Electrical Machines and Systems (ICEMS),
Hangzhou, China, 22–25 October 2014. [CrossRef]

8. Ramirez, D.A.; Garcés, A.; Mora-Flórez, J.J. A Convex Approximation for the Tertiary Control of Unbalanced Microgrids. Electr.
Power Syst. Res. 2021, 199, 107423. [CrossRef]

9. Egea-Alvarez, A.; Beerten, J.; Hertem, D.V.; Gomis-Bellmunt, O. Primary and secondary power control of multiterminal HVDC
grids. In Proceedings of the 10th IET International Conference on AC and DC Power Transmission (ACDC 2012), Birmingham,
UK, 4–6 December 2012. [CrossRef]

10. Gil-González, W.; Montoya, O.D.; Garces, A. Direct power control for VSC-HVDC systems: An application of the global tracking
passivity-based PI approach. Int. J. Electr. Power Energy Syst. 2019, 110, 588–597. [CrossRef]

11. Simiyu, P.; Xin, A.; Wang, K.; Adwek, G.; Salman, S. Multiterminal Medium Voltage DC Distribution Network Hierarchical
Control. Electronics 2020, 9, 506. [CrossRef]

12. Zonetti, D.; Ortega, R.; Benchaib, A. A globally asymptotically stable decentralized PI controller for multi-terminal high-voltage
DC transmission systems. In Proceedings of the 2014 European Control Conference (ECC), Strasbourg, France, 24–27 June 2014.
[CrossRef]

13. Hannan, M.A.; Hussin, I.; Ker, P.J.; Hoque, M.M.; Lipu, M.S.H.; Hussain, A.; Rahman, M.S.A.; Faizal, C.W.M.; Blaabjerg, F.
Advanced Control Strategies of VSC Based HVDC Transmission System: Issues and Potential Recommendations. IEEE Access
2018, 6, 78352–78369. [CrossRef]

14. Simorgh, A.; Razminia, A.; Mobayen, S.; Baleanu, D. Optimal Control of a MIMO Bioreactor System Using Direct Approach. Int.
J. Control. Autom. Syst. 2021, 19, 1159–1174. [CrossRef]

15. Mobayen, S. Optimal LMI-based state feedback stabilizer for uncertain nonlinear systems with time-Varying uncertainties and
disturbances. Complexity 2016, 21, 356–362. [CrossRef]

16. Vega, C.; Alzate, R. Inverse optimal control on electric power conversion. In Proceedings of the 2014 IEEE International Autumn
Meeting on Power, Electronics and Computing (ROPEC), Ixtapa, Mexico, 5–7 November 2014. [CrossRef]

17. Johnson, M.; Aghasadeghi, N.; Bretl, T. Inverse optimal control for deterministic continuous-time nonlinear systems. In
Proceedings of the 52nd IEEE Conference on Decision and Control, Firenze, Italy, 10–13 December 2013. [CrossRef]

18. Raza, A.; Shakeel, A.; Altalbe, A.; OAlassafi, M.; Yasin, A.R. Impacts of MT-HVDC Systems on Enhancing the Power Transmission
Capability. Appl. Sci. 2020, 10, 242. [CrossRef]

19. Mohammadi, F.; Nazri, G.A.; Saif, M. An improved droop-based control strategy for MT-HVDC systems. Electronics 2020, 9, 87.
[CrossRef]

20. Gavriluta, C.; Candela, I.; Citro, C.; Luna, A.; Rodriguez, P. Design considerations for primary control in multi-terminal
VSC-HVDC grids. Electr. Power Syst. Res. 2015, 122, 33–41. [CrossRef]

21. Montoya, O.D.; Gil-González, W.; Garces, A.; Serra, F.; Hernández, J.C. Stabilization of MT-HVDC grids via passivity-based
control and convex optimization. Electr. Power Syst. Res. 2021, 196, 107273. [CrossRef]

22. De Persis, C.; Weitenberg, E.R.; Dörfler, F. A power consensus algorithm for DC microgrids. Automatica 2018, 89, 364 – 375.
[CrossRef]

23. Tucci, M.; Meng, L.; Guerrero, J.M.; Ferrari-Trecate, G. Stable current sharing and voltage balancing in DC microgrids: A
consensus-based secondary control layer. Automatica 2018, 95, 1–13. [CrossRef]

24. Magne, P.; Nahid-Mobarakeh, B.; Pierfederici, S. General Active Global Stabilization of Multiloads DC-Power Networks. IEEE
Trans. Power Electron. 2012, 27, 1788–1798. [CrossRef]

http://doi.org/10.1016/j.rser.2019.04.062
http://dx.doi.org/10.1049/cp.2016.0386
http://dx.doi.org/10.1080/15325008.2018.1453564
http://dx.doi.org/10.32397/tesea.vol2.n1.3
http://dx.doi.org/10.1109/TCSII.2018.2871432
http://dx.doi.org/10.1049/ip-gtd:20020275
http://dx.doi.org/10.1109/icems.2014.7014111
http://dx.doi.org/10.1016/j.epsr.2021.107423
http://dx.doi.org/10.1049/cp.2012.1989
http://dx.doi.org/10.1016/j.ijepes.2019.03.042
http://dx.doi.org/10.3390/electronics9030506
http://dx.doi.org/10.1109/ecc.2014.6862419
http://dx.doi.org/10.1109/ACCESS.2018.2885010
http://dx.doi.org/10.1007/s12555-020-0058-9
http://dx.doi.org/10.1002/cplx.21695
http://dx.doi.org/10.1109/ropec.2014.7036320
http://dx.doi.org/10.1109/cdc.2013.6760325
http://dx.doi.org/10.3390/app10010242
http://dx.doi.org/10.3390/electronics9010087
http://dx.doi.org/10.1016/j.epsr.2014.12.020
http://dx.doi.org/10.1016/j.epsr.2021.107273
http://dx.doi.org/10.1016/j.automatica.2017.12.026
http://dx.doi.org/10.1016/j.automatica.2018.04.017
http://dx.doi.org/10.1109/TPEL.2011.2168426


Electronics 2021, 10, 2819 14 of 14
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of Nonlinear DC Microgrids: Cubature Kalman Filter Approach. IEEE Trans. Ind. Appl. 2018, 54, 5104–5112. [CrossRef]

27. Mahmoudi, H.; Aleenejad, M.; Ahmadi, R. Modulated model predictive control of modular multilevel converters in VSC-HVDC
systems. IEEE Trans. Power Del. 2017, 33, 2115–2124. [CrossRef]

28. Garces, A.; Montoya, D.; Torres, R. Optimal power flow in multiterminal HVDC systems considering DC/DC converters. In
Proceedings of the 2016 IEEE 25th International Symposium on Industrial Electronics (ISIE), Santa Clara, CA, USA, 8–10 June 2016.
[CrossRef]
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