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Abstract—VSC-HVDC is often employed to connect generation
hubs with load centers. Proper design of DC-link capacitance
provides buffering against disturbances, thereby maintaining
power supply stability in the presence of uncertainties. Existing
studies have addressed the DC-link capacitance design problem
under given loading conditions. However, it remains unclear how
to determine an appropriate DC-link capacitance to maintain
stability under uncertain load conditions. A key difficulty lies
in ensuring that the stability condition holds across all potential
scenarios, which could be computationally prohibitive. To address
this challenge, we propose a computationally tractable method
for designing the DC-link capacitance of a VSC-HVDC with
a robust small-signal stability certificate. We first derive a
sufficient condition to certify robust stability, formulated as a
convex program whose number of constraints does not grow with
that of the uncertainty. Then, we develop a capacitance design
algorithm towards finding the smallest parameter that satisfies
the condition within a desired precision. Finally, we report a
capacitance-control co-design approach that further reduces the
required capacitance. The effectiveness of the proposed work is
demonstrated using simulations in MATLAB/Simulink.

Index Terms—HVDC transmission, uncertainty, robust stabil-
ity, capacitance, state feedback.

I. INTRODUCTION

The stability of voltage-source-converter-based high-voltage
direct-current (VSC-HVDC) systems is crucial for modern
power systems with increasing penetration of power electronic
devices. Due to their dependence on fast control loops, accu-
rate measurements, and parameter-dependent models, VSC-
HVDC systems may be sensitive to load variations, param-
eter uncertainties, and cyber-physical disturbances [1], [2].
Therefore, stability-oriented design is essential for secure and
reliable VSC-HVDC operation.
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VSC-HVDC is usually employed to transmit power from
remote energy hubs to load centers [3]–[5]. In such power
transmission systems, variations in demand impact the system
stability margin [6]–[8]. The DC-link capacitance is a buffer
to withstand power disturbances [9]. With a proper design, for
instance, if the capacitance size is beyond a certain threshold,
the system could remain stable to a given range of loading
conditions [10]. In addition, finding this threshold assists
in determining a well-informed stability margin, potentially
leading to a more economic design [11].

DC-link capacitance has a significant influence on VSC-
HVDC stability [12]. Existing literature has studied small-
signal stability and the oscillation problems of VSC-HVDC
systems, which usually center the study around a fixed equi-
librium calculated based on the nominal power [13]–[18].
Modal analysis [13] and impedance analysis [14] methods
have been proposed. In [13], a state-space model of a direct-
drive wind farm integrated with VSC-HVDC is established
to discuss the impact of rectifier control parameters and AC
circuit parameters on sub-synchronous oscillation damping
performance by modal analysis. In [14], the authors use the
Nyquist stability criterion to examine resonance characteristics
and conclude that increasing DC-link capacitance can suppress
the resonance effectively. In addition, damping torque analysis
is developed to derive the analytic stable criteria and is used
in VSC-HVDC stability analysis as well [15]. A stability
criterion containing DC-link capacitance is developed based on
damping torque analysis in [16]. Besides, DC-link capacitance
has a positive effect on the large-signal stability as well.
Brayton-Moser’s mixed potential method and fuzzy modeling
methods have been proposed for such studies [17], [18].

Despite the rich literature on VSC-HVDC stability analysis
and DC-link capacitance design, existing works have several
limitations in designing the DC-link capacitance of VSC-
HVDC. First, stability analysis methods for VSC-HVDC sys-
tems based on the assumption of the availability of a fixed and
known operating equilibrium point have been proposed [13]–
[18]. In a power system with increasing uncertainties, the
actual equilibrium of a VSC-HVDC system is inherently
dependent on loading conditions, which are often unknown
and subject to continuous variation over time [4], [8]. Second,
existing research has studied the impact of DC-link capaci-
tance on the dynamic stability of VSC-HVDC systems [14],
[17], [18]. There is currently a lack of a systematic design
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method that sizes the DC-link capacitor that ensures robust
stability.

Addressing the above limitations requires a systematic
stability analysis framework that can explicitly account for
parametric uncertainties in the system model, while remaining
computationally tractable for design purposes. Linear matrix
inequality (LMI)–based approaches provide such a framework
and have been widely adopted in robust stability analysis [19]–
[21]. Although LMI-based methods have been preliminarily
applied to robust stability analysis of DC microgrids under
load uncertainties [22], [23], their application to DC-link
capacitance design in VSC-HVDC systems remains unclear.
Further investigation and validation are therefore needed.

To close this gap, this paper proposes a DC-link capacitance
design method considering bounded loading uncertainties. We
formulate a semi-definite programming (SDP) problem whose
solution yields a capacitance that ensures robust stability
against an uncertain power condition that varies arbitrarily
within a given range. First, we derive the state-space model of
the VSC-HVDC system, considering uncertainties in loading
conditions. Then, we show that checking robust stability of
the system can be formulated as an uncertain SDP problem. A
sufficient condition for robust stability can then be developed.
Nonetheless, the number of stability conditions grows expo-
nentially with that of uncertainties. To cope with the computa-
tional difficulty, we reformulate the uncertain SDP and derive
a set of sufficient conditions that can be effectively checked
to ensure robust stability. Finally, based on the developed
conditions, we propose a method to find a suitable DC-link
capacitance that ensures robust stability under bounded loading
uncertainties. Moreover, we report a capacitance-control co-
design problem under the same formulation paradigm, which
further reduces the need for capacitance.

The contributions of this paper are summarized as follows.

• We develop a sufficient condition that certifies the robust
stability of VSC-HVDC against an interval-bounded load-
ing uncertainty. We further transform the condition, where
the number of constraints is exponentially dependent on
the number of uncertainties, into a tractable counterpart
with only two constraints.

• We develop a capacitance design algorithm based on the
stability condition to obtain a proper DC-link capacitance
that satisfies the proposed robust small-signal stability
criterion.

• We propose a capacitance-control co-design synthesis
method that further reduces the requirement of DC-link
capacitance for VSC-HVDC systems.

The rest of this paper is organized as follows. Section II
reports the state space model of a VSC-HVDC system and
formulates the capacitance design problem. Section III derives
a sufficient stability condition and develops an algorithm
for DC-link capacitance design. Section IV shows that the
proposed work can be extended to a capacitance-control co-
design problem. Section V demonstrates the effectiveness
of the proposed work using simulation testing. Section VI
concludes the paper.

Table I provides a list of acronyms used throughout.

TABLE I
Glossary of Acronyms

AC - Alternating Current
DC - Direct Current
VSC - Voltage Source Converter
HVDC - High-Voltage Direct Current
PCC - Point of Common Coupling
PWM - Pulse Width Modulation
PI - Proportional-Integral
LMI - Linear Matrix Inequality
SDP - Semi-Definite Programming
CVX - Convex Optimization Toolbox
MMC - Modular Multilevel Converter
LCC - Line-Commutated Converter
p.u. - Per Unit

II. SYSTEM MODELING AND PROBLEM STATEMENT

In this section, we first report the system model, including
the VSC-HVDC network and its control system. Then, we
derive a small-signal model with an uncertainty in the system
loading condition to support the DC-link capacitance design.
At last, we discuss the main problem considered in this paper.

A. Preliminaries

We focus on a two-terminal two-level VSC-HVDC system,
as shown in Fig. 1. The system represents an AC grid sup-
plying power to a load center and represents a wide spectrum
of applications, such as an energy hub supplying power to a
remote city [4], [17], [24].

Fig. 1: Two-terminal VSC-HVDC model

Symmetric three-phase electrical variables are commonly
represented as a constant-amplitude vector rotating at a fixed
angular frequency. As shown in Fig. 1, to simplify our dis-
cussion, let Us1, Uc1 and i1 be the AC grid voltage vector,
the AC voltage vector and the current vector of rectifier,
respectively; let Us2, Uc2 and i2 be the voltage vector at point
of common coupling (PCC) of inverter, the AC voltage vector
and the current vector of inverter, respectively. Besides, on
the DC side, let Udc1, Udc2, and idc be the DC voltage of
the rectifier, the DC voltage of the inverter, and the direct
current, respectively. For the circuit parameters, let L1, R1

and C be the reactor inductance and equivalent loss resistance
of the rectifier, and the DC-link capacitance, respectively; let
Ldc and Rdc be the equivalent inductance and resistance of DC
cable, respectively; let L2, Cf and R2 be the inverter’s reactor
inductance, filter capacitance and equivalent loss resistance,
respectively; let Rl be the equivalent resistance of the load.



3

We use subscripts d and q to represent the d-axis and q-axis
components of each vector in the dq coordinates, respectively.
For a real symmetric matrix L, let L ≻ 0 and L ≺ 0 represent
that L is positive definite and negative definite, respectively,
and let L ⪰ 0 and L ⪯ 0 represent that L is positive
semidefinite and negative semidefinite, respectively. We say
that a matrix is Hurwitz stable if all of its eigenvalues have
negative real parts. Let ∥·∥ be the Euclidean norm of a vector.

B. Individual Component Models

The HVDC network connects to the grid and the load
through a rectifier and an inverter, respectively. The electro-
magnetic dynamics of the system are studied in this paper,
enabling the consideration of the capacitance design prob-
lem [4]. Similar to [17], [18], based on the reference direc-
tions of voltages and currents defined in Fig. 1, Kirchhoff’s
voltage/current law, and energy conservation law, component
models are established as follows.

1) Rectifier Model

In dq coordinates, the state variables of the rectifier include
i1d, i1q , and Udc1, which represent the inductance current and
capacitance voltage, respectively, and their dynamics are given
by,

L1
di1d
dt

= −R1i1d + ω1L1i1q + Us1d − Uc1d

L1
di1q
dt

= −R1i1q − ω1L1i1d + Us1q − Uc1q

C
dUdc1

dt
=

3

2Udc1
i1dUc1d +

3

2Udc1
i1qUc1q − idc

, (1)

where ω1 is the angular frequency of the dq coordinates of the
rectifier control system. One can see that there are nonlinear
terms 3i1dUc1d/(2Udc1) and 3i1qUc1q/(2Udc1) in (1).

2) DC Cable Model

The DC cable is modeled as a π-equivalent circuit. The two
equivalent capacitances of this π-equivalent circuit are taken
into account in the DC-link capacitances of the rectifier and
the inverter. The state variable of the DC cable model is the
direct current, idc, and its dynamics are given by,

Ldc
didc
dt

= Udc1 − Udc2 −Rdcidc, (2)

3) Inverter Model

Similar to [25], an LC filter is applied at the AC side of
the inverter to improve the power quality. The energy storage
elements of the inverter station end include LC filter induc-
tance L2, LC filter capacitance Cf , and DC-link capacitance
C. Thus, in dq coordinates, the state variables include i2d, i2q ,

Udc2, Us2d, and Us2q , and their dynamics are given by,

L2
di2d
dt

= −R2i2d + ω2L2i2q − Us2d + Uc2d

L2
di2q
dt

= −R2i2q − ω2L2i2d − Us2q + Uc2q

Cf
dUs2d

dt
= ω2CfUs2q + i2d −

Us2d

Rl

Cf
dUs2q

dt
= −ω2CfUs2d + i2q −

Us2q

Rl

C
dUdc2

dt
= − 3

2Udc2
i2dUc2d −

3

2Udc2
i2qUc2q + idc

, (3)

where ω2 is the angular frequency of the dq coordinates of the
inverter control system. One can see that there are nonlinear
terms 3i2dUc2d/(2Udc2) and 3i2qUc2q/(2Udc2) in (3).

The receiving end’s load is modeled as a resistance Rl [18].
The uncertain parameter Rl may take any value in an interval
[Rl, Rl] where Rl ≥ Rl > 0 are known bounds.

C. VSC-HVDC Control Model

The VSC-HVDC system has two AC/DC converters on
the sending and receiving ends. Their control systems are
discussed in the following. The control of the rectifier is shown
in Fig. 2. It can be seen that the rectifier controls the DC
voltage [5]. The active power is controlled by regulating the
DC voltage Udc1 to the reference value Udcr by the outer loop
and inner loop in d-axis, and the reactive power is controlled
by regulating the reactive power current i1q to zero by the inner
loop in q-axis. kpv1 and kiv1 are the proportional gain and
integral gain of the voltage loop PI regulator, and kpi1 and kii1
are the proportional gain and integral gain of the current loop
PI regulator, respectively. m1, m2, and m3 are state variables
of PI regulators. Note that the pulse width modulation (PWM)
connects the control system and the physical system and has a
time delay [26]. We model the PWM as an inertia link whose
time constant is the switching period Ts and gain is 1 [4]. It
is worth mentioning that in Section IV, we show that a state
feedback control shown in the figure’s purple colored block
can be co-designed with the DC-link capacitance to enhance
stability.

The inverter control is shown in Fig. 3. It can be seen
that the voltage at PCC is controlled by double closed-
loop decoupled control [7]. The PCC voltage is used as the
reference phase of the AC-side of the inverter, so its q-axis
component should be zero. kpv2 and kiv2 are the proportional
gain and integral gain of the voltage loop PI regulator, and
kpi2 and kii2 are the proportional gain and integral gain of the
current loop PI regulator, respectively. m4, m5, m6, and m7

are the state variables of PI regulators.

In Fig. 2 and Fig. 3, the outer and inner loop outputs
will appear as linear polynomials in the ordinary differential
equations. They are i1dr, Uc1dr, Uc1qr, i2dr, i2qr, Uc2dr, and
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Fig. 2: DC voltage control structure of the AC/DC rectifier

Fig. 3: AC voltage control structure of the DC/AC inverter

Uc2qr, and are given as follows,

i1dr = kpv1(Udcr − Udc1) + kiv1m1,

Uc1dr = Us1d + ω1L1i1q − kpi1(i1dr − i1d)− kii1m2,

Uc1qr = Us1q − ω1L1i1d − kpi1(i1qr − i1q)− kii1m3,

i2dr =
Us2d

Rl
− ω2CfUs2q + kpv2(Us2dr − Us2d) + kiv2m4,

i2qr =
Us2q

Rl
+ ω2CfUs2d + kpv2(Us2qr − Us2q) + kiv2m6,

Uc2dr = Us2d − ω2L2i2q + kpi2(i2dr − i2d) + kii2m5,

Uc2qr = Us2q + ω2L2i2d + kpi2(i2qr − i2q) + kii2m7,

where i1dr is the output of the outer loop of the rectifier control
structure Fig. 2, for example.

1) Rectifier Control Model

According to Fig. 2, the state variables of the DC voltage
control model include m1, m2, m3, Uc1d, and Uc1q , and their
dynamics are given by,

dm1

dt
= Udcr − Udc1,

dm2

dt
= i1dr − i1d,

dm3

dt
= i1qr − i1q,

dUc1d

dt
=

1

Ts
(Uc1dr − Uc1d),

dUc1q

dt
=

1

Ts
(Uc1qr − Uc1q),

(4)

where Ts is the switching period of PWM.

2) Inverter Control Model

According to Fig. 3, the state variables of the AC voltage
control model include m4, m5, m6, m7, Uc2d, and Uc2q , and

their dynamics are given by,

dm4

dt
= Us2dr − Us2d,

dm5

dt
= i2dr − i2d,

dm6

dt
= Us2qr − Us2q,

dUc2d

dt
=

1

Ts
(Uc2dr − Uc2d),

dm7

dt
= i2qr − i2q,

dUc2q

dt
=

1

Ts
(Uc2qr − Uc2q).

(5)

D. VSC-HVDC Small-Signal Model

We combine the individual component models and the
control model to obtain the overall model of the VSC-HVDC.
We then linearize the overall model around an equilibrium to
obtain the overall small-signal model.

Let x1 ∈ R8, x2 ∈ R11, and u ∈ R4, be the vectors of
all the rectifier’s state variables, inverter’s state variables, and
VSC-HVDC’s control input references, respectively. They are
given as follows,

x1 = [i1d, i1q, Udc1,m1,m2,m3, Uc1d, Uc1q]
⊤,

x2=[i2d, i2q, Us2d, Us2q, Udc2,m4,m5,m6,m7, Uc2d, Uc2q]
⊤,

u = [Udcr, i1qr, Us2dr, Us2qr]
⊤.

In addition, define a vector x ∈ R20 and a nonlinear function
h(·) : R20 → R2 as follows,

x =
[
idc, x

⊤
1 , x

⊤
2

]⊤
,

h(x) =

[
3(i1dUc1d + i1qUc1q)

2Udc1
,
3(i2dUc2d + i2qUc2q)

2Udc2

]⊤
.

The vector x stacks all the states of the VSC-HVDC compo-
nents and controls, and the nonlinear function h(x) contains all
the nonlinear terms of VSC-HVDC appearing in (1) and (3).

With the above notation, the overall VSC-HVDC model can
be written in the following nonlinear system with time-varying
load equivalent resistance Rl:

M(C)ẋ = A0x+Al(Rl)x+ Fh(x) +Bu, (6)

where matrices M(C), A0, Al(Rl) ∈ R20×20, F ∈ R20×2,
and B ∈ R20×4 denote the impact range of the design pa-
rameter, the system’s constant linear component, the variable
linear component, the positions of nonlinear terms, and the
control input matrix, respectively. M(C) is a diagonal matrix
with the entries in the 4th and 14th rows being C, and all
other entries being 1.

The nonlinear function h(x) has 10 state variables, which
are i1d, i1q , Uc1d, Uc1q , Udc1, i2d, i2q , Uc2d, Uc2q and
Udc2. The steady-state values of these variables appear in
the Jacobian matrix and, therefore, determine the matrix’s
Hurwitz stability, i.e., the system’s local stability. The steady-
state variables are denoted by a vector ve = [ie1d, ie1q , Ue

c1d,
Ue
c1q , Ue

dc1, ie2d, ie2q , Ue
c2d, Ue

c2q , Ue
dc2]

⊤.

Let vector xe be the equilibrium of system (6). Let the
difference between state x and the equilibrium xe be ∆x ≜
x−xe. Similar to [4], the nonlinear VSC-HVDC dynamics (6)
around the equilibrium xe is approximated by its first-order
Taylor expansion, that is, the small-signal model. The model
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is given as follows,
∆ẋ = J(δ, C)∆x

J(δ, C) = M(C)−1

(
A0 +

11∑
k=1

δkDk

)
, (7)

where matrix J(δ, C) ∈ R20×20 is the Jacobian matrix, vector
δ ∈ R11 represents uncertainties derived from the equivalent
load resistance Rl and the portion ve of equilibrium xe, matrix
array D that stores matrices resembling that a vector stores
scalars locates uncertainties in the matrix J(δ, C) and has 11
elements that are all square matrix. Let vek, δk be the k-th
element of the vector ve and the vector δ, respectively, and
let Dk be the k-th matrix of the matrix array D, which are
shown below,

δ1 =
Ue
c1d

Ue
dc1

, δ2 =
Ue
c1q

Ue
dc1

, δ3 =
ie1dU

e
c1d + ie1qU

e
c1q

(Ue
dc1)

2
,

δ4 =
ie1d
Ue
dc1

, δ5 =
ie1q
Ue
dc1

, δ6 =
Ue
c2d

Ue
dc2

, δ7 =
Ue
c2q

Ue
dc2

,

δ8 =
ie2dU

e
c2d + ie2qU

e
c2q

(Ue
dc2)

2
, δ9 =

ie2d
Ue
dc2

, δ10 =
ie2q
Ue
dc2

,

δ11 =
1

Rl
, D1 =

3

2
E4,2, D2 =

3

2
E4,3, D3 = −3

2
E4,4,

D4 =
3

2
E4,8, D5 =

3

2
E4,9, D6 = −3

2
E14,10,

D7 = −3

2
E14,11, D8 =

3

2
E14,14, D9 = −3

2
E14,19,

D10 = −3

2
E14,20, D11 = − 1

Cf
E12,12 −

1

Cf
E13,13+

E16,12 + E18,13 +
kpi2
Ts

E19,12 +
kpi2
Ts

E20,13.

(8)

where Ei,j ∈ R20×20 is a matrix of all zeros except for the
(i, j)-element whose value is 1.

In the small-signal model (7), the load Rl and the Jacobian-
related steady-state ve are modeled as unknown parameters,
and the DC-link capacitance C is a design variable to be
determined. Hence, the Jacobian matrix is subject to unknown
δ involving Rl, ve, and C. Thus, while Rl and ve might make
the system matrix unstable, a properly designed C can stabilize
the system given all realizations of Rl and ve.

E. Problem Statement

The operation of VSC-HVDC is subject to varying load
conditions. With improper network or control parameters, a
disturbance might result in stability issues.

As mentioned earlier in the previous subsection, the load is
modeled as a resistance. This modeling approach is practical,
especially around a steady-state operating point [27], and in
references [4], [17], [24], researchers have adopted a similar
modeling approach.

Here, the equivalent load resistance Rl is assumed to be
physically bounded in a polytopic set R defined as follows,

R ≜
{
Rl ∈ R+ : Rl ∈ [Rl, Rl]

}
.

As Rl varies in R, the system’s operating point changes

accordingly. We study the stability of all the possible equilibria
that are operationally feasible for the VSC-HVDC, and define
an operational constraint set Ve in the following form,

Ve ≜
{
ve ∈ R10 : vek ∈ [vek, v

e
k], k = 1, ..., 10

}
,

where vek ≥ vek. Note that ve collects all the state variables
associated with the system’s Jacobian matrix, as mentioned in
Section II-D.

Since both Rl and vek vary in intervals, each uncertainty δk
varies in an interval as well. Let δk ∈ [δk, δk], where the two
bounds can be easily determined from the bounds of Rl and
vek. Let set ∆ ≜

{
δ ∈ R11 : δk ∈ [δk, δk], k = 1, · · · , 11

}
be

the set of the composite uncertainty.
With the above definitions, this paper studies system (6)’s

robust stability defined as follows:

Definition 1. System (6) is said to be locally robustly stable
if J(δ, C) is Hurwitz stable for all δ ∈ ∆.

For linear system (7) to be locally robustly stable for all
δ ∈ ∆, a sufficient condition is that there exists P = P⊤ ≻ 0
that satisfies the following inequalities [28, Th. 4.6]:

J(δ, C)⊤P + PJ(δ, C) ≺ 0, ∀δ ∈ ∆. (9)

The goal of this paper is to determine a suitable DC-link
capacitance C such that system (7) remains locally robustly
stable. Furthermore, we synthesize a capacitance-control co-
design to reduce the need for capacitance. The DC-link
capacitance design problem can be formulated as the following
robust optimization problem,

Main Problem: min
C,P

C, (10a)

s. t. (9). (10b)

Since the problem constitutes a semi-infinite program that
consists of infinitely many constraints, directly solving it
manifests a significant computational overhead.

III. ROBUST STABILITY CONDITIONS AND DC-LINK
CAPACITANCE DESIGN

In this section, we develop sufficient conditions to certify
robust stability and then propose computationally efficient
approaches to solve the capacitance design problem (10).

A. Robust Stability Conditions

As discussed in Section II-E, directly solving (9) is imprac-
tical. The computational burden can be reduced by virtue of
matrix J(δ, C) which is affine in uncertainty δ. Hence, a more
computationally tractable condition can be developed for (6).
Note that δ ∈ ∆, J(δ, C) belongs to a set J (∆, C) defined
as follows,

J (∆, C)=
{
J(δ, C)∈ R20×20 : J(δ, C)=

M(C)−1

(
A0+

11∑
k=1

δkDk

)
, ∀δ ∈ ∆

}
.

The set J (∆, C) is a polytopic set, and it has 211 vertices.
Let matrix Jj(δ, C) be the j-th vertex of set J (∆, C). It can be
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written in the form: Jj(δ, C) = M(C)−1(A0 +
∑11

k=1 δkDk)
with δk = δk or δk = δk.

Locally exponential stability for system (6) is equivalent
to all the matrices in the set J (∆, C) being Hurwitz stable.
If there is a common Lyapunov function for all the matrices
in the set J (∆, C), they are all Hurwitz stable. Notice that
there are infinitely many elements in the set. Since the set
is polytopic, any element of it can be expressed as a convex
combination of its vertices. Thus, as a standard result in linear
uncertain systems, to ensure stability of the matrices in the
set, it suffices to have a common Lyapunov function for all
the vertices of the set.

Lemma 1. System (6) is locally robustly stable for all δ ∈ ∆
under a given decision parameter C if ∃P =P⊤≻ 0 satisfying

Jj(δ, C)⊤P + PJj(δ, C) ≺ 0, j = 1, ..., 211. (11)

If constraints (11) are all feasible for some ∃P = P⊤ > 0,
U(∆x) = ∆x⊤P∆x is a common Lyapunov function for
the vertices in J (∆, C). Moreover, the function U(∆x) is a
common Lyapunov function for all the matrices in J (∆, C) as
well, and they are all Hurwitz stable by the Lyapunov method.

The condition of Lemma 1 is more computationally
tractable than (9), but the number of linear matrix inequalities
(LMIs) exponentially depends on that of linear uncertainties.
Specifically, the number of linear uncertainties is 11, and that
of LMIs is 211, implying a considerable computational burden.

Since the uncertain LMI (9) is subject to interval-bounded
uncertainty, we apply Theorem 9.1.2 of [21] to derive an
equivalent condition whose number of certain LMIs is only
two that are independent of the number of uncertainties.
Intuitively, after the rank-1 decomposition, the uncertain terms
ζk can be handled as structured norm-bounded uncertainties.
The nonnegative multipliers λk are then introduced, following
[21, Th. 9.1.2], to bound their worst-case effect and obtain a
finite set of tractable LMIs.

To achieve this, we let each matrix Dk that determines
the impact of the sole uncertainty δk on the Jacobian matrix
J(δ, C) be expressed as a sum of rank-1 matrices generated
by vector pairs, specifically as,

Dk = pkq
⊤
k (k = 1, ..., 10), D11 =

∑16

k=11
pkq

⊤
k ,

where qk ∈ R20 has the only nonzero entry, be 1, and its
position and pk ∈ R20 are obtained by Dk.

Theorem 1. System (6) is locally robustly stable for all δ ∈ ∆
under a given decision parameter C if there exists P = P⊤ ≻
0, N = N⊤ ≺ 0, and 16 positive scalars λ1, ..., λ16 satisfying


N +

16∑
k=1

λkR
⊤
k Rk L⊤

1 (P ) · · · L⊤
16(P )

L1(P ) −λ1

...
. . .

L16(P ) −λ16

 ⪯ 0, (12a)

N ⪰ A⊤P + PA, (12b)

where A = M(C)−1
(
A0+

∑16
k=1 pkq

⊤
k

δk+δk
2

)
, Lk(P ) =

p⊤k M(C)−1P , Rk = − δk−δk
2 q⊤k , k = 1, ..., 16.

Proof. Let ζk ≜
(
δk − δk+δk

2

)
/
δk−δk

2 , we have |ζk| ≤ 1 and

δk = ζk
δk−δk

2 +
δk+δk

2 . Substituting δk into condition (9), then
it is equivalent to,

A⊤P + PA+

16∑
k=1

ζk
[
L⊤
k (P )Rk +R⊤

k Lk(P )
]
⪯ 0,

∀(ζ ∈ R16 : ∥ζ∥∞ ≤ 1).

(13)

We decomposed the uncertain matrices into rank-1 blocks
and introduced normalized perturbation variables to transform
the robust stability problem into a structured, bounded form.

According to Theorem 9.1.2 of Reference [21], the condi-
tion (13) holds if the following LMIs

Sk ⪰ ±
[
L⊤
k (P )Rk +R⊤

k Lk(P )
]
, k = 1, ..., 16,

A⊤P + PA+
∑16

k=1
Sk ⪯ 0.

(14)

in matrix P and in matrices S1, ..., S16 hold. As P ≻ 0, all
Lk(P ) are nonzero.

X⊤Y + Y ⊤X ≤ λX⊤X +
1

λ
Y ⊤Y (15)

Invoking Exercise 9.1.2 of Reference [21], there exists λk >
0 such that Sk ⪰ λR⊤

k Rk + 1
λk

L⊤
k (P )Lk(P ). Since A⊤P +

PA+
∑16

k=1 Sk ⪯ 0, we have,[
A⊤P+PA+

16∑
k=1

λkR
⊤
k Rk

]
+

16∑
k=1

1

λk
L⊤
k (P )Lk(P )⪯0. (16)

We applied Young’s inequality to introduce slack vari-
ables, separating coupled terms and conservatively relaxing
the cross-product terms for tractable LMI formulation.

The Schur Complement Lemma allows a block matrix in-
equality to be converted into an equivalent inequality involving
only one block, simplifying the LMI for easier computation.
Hence, by the Schur Complement Lemma, condition (16) is
equivalent to condition (12).

Furthermore, by Exercise 9.1.1 of Reference [21], it can
be proved that condition (16) is a sufficient condition for
condition (14). Therefore, conditions (16) and (14) are equiv-
alent. As a result, condition (12) is a sufficient condition for
condition (9). This completes the proof.

The condition in Theorem 1 only involves two LMIs, as
opposed to Lemma 1.

B. DC-Link Capacitance Design

With Theorem 1, we are equipped with a tractable condition
to check the locally robust stability for system (6). To find
matrices P and N that satisfy (12) with a given C, the
following optimization problem is solved:

find P, N, λ1, · · · , λ16

s. t. (12), C = Ĉ, P = P⊤, P ≻ 0,

N = N⊤, N ≺ 0, λk > 0, k = 1, ...16,

(17)
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By virtue of problem (17), a bisection method is proposed
to solve problem (10) [29, Chapter 4.2.5]. We start with an
interval randomly selected as long as it contains an initial
guess C0 that makes problem (17) feasible. We then solve
the convex feasibility problem (17) at its midpoint Ĉ. If the
midpoint makes the problem feasible, then the interval’s upper
bound is replaced by Ĉ, and vice versa. The process continues
until a stopping criterion is met.

Let C and C be the lower and upper bounds, respectively,
ϵ > 0 be a required precision value, and C⋆ be the solution.
The following algorithm is developed to summarize the afore-
mentioned solution process.

Algorithm 1 Bisection Method for Capacitance Design

Input: Initial guess C0, bounds: C = 0, C = C0, precision
requirement: ϵ > 0.
Output: C⋆.

Step 1: Ĉ = C+C
2 .

Step 2: Solve the feasibility problem (17) with Ĉ.
Step 3: If the problem is feasible, C = Ĉ; else, C = Ĉ.
Step 4: Repeat steps 1-3, until C − C ≤ ϵ, C⋆ = Ĉ.

Algorithm 1 involves only computations related to convex
optimization problems and algebraic calculations. Hence, it is
tractable to find a design of C to make system (6) locally
robustly stable.

IV. EXTENSIONS TO CAPACITANCE-CONTROL CO-DESIGN

The proposed method can be easily extended to design other
parameters. In this section, we demonstrate the applicability
of the proposed work by conducting capacitance-control co-
design to further reduce the need for capacitance.

A. Capacitance-Control Co-Design Problem

To exemplify the co-design capability, we design a state-
based feedback control strategy together with the capacitance.
The structure of the control is shown in Fig. 2 of Section II-C.
The control enhances the dynamic performance of the VSC-
HVDC system and seeks to drive the DC voltage to converge
to a reference value, Udcr. The control signal w is governed
by a linear control, as given in the following,

w = Kx′ +
k

s
(Udcr − Udc1),

where the scalar k is the gain of the integral regulator, s is
the differential operator, vector x′ = [x⊤,m8]

⊤, and matrix
K ∈ R1×21 is the gain of the state-based feedback control.
Notice that, in terms of dynamic stability, the upstream integral
regulator generally requires slower integration compared to the
downstream outer loop, i.e., k < kiv1.

The small-signal model of the system with the proposed
control can be expressed by,

∆ẋ′ = H(δ, C)∆x′, H(δ, C) = J ′(δ, C) +G′K,

J ′(δ, C) = M ′(C)−1

(
A0

′ +
∑11

k=1
δkDk

′
)
,

A0
′=

[
A0 kG
e⊤c 0

]
, Dk

′=

[
Dk

0

]
, G′=

[
G
0

]
,

(18)

where e⊤c ∈ R1×20 is defined as e⊤c = [0, 0, 0,−1, 0, . . . , 0].
matrices G ∈ R20×1 is the first column of matrix B and
M ′(C) is the direct sum of M(C) and 1. The entry −1
in e⊤c is placed at the fourth position, corresponding to the
state Udc1 in x = [idc, x

⊤
1 , x

⊤
2 ]

⊤. Thus, the augmented row
[e⊤c 0] ∈ R1×21 correctly represents the small-signal equation
of the new integral state, i.e., ∆ṁ8 = −∆Udc1.

Similar to (9), the linearized system matrix H(δ, C) is
always Hurwitz stable for all δ ∈ ∆ under a given decision
parameter C if there exists P = P⊤ ≻ 0 and K satisfying,

(J ′(δ, C)+G′K)
⊤
P +P (J ′(δ, C)+G′K)≺0 ∀δ ∈ ∆. (19)

In the co-design, we aim to determine the lowest feasible
value of C among those that satisfy condition (19). Therefore,
the DC-link capacitance-control co-design synthesis can be
formulated as the following robust optimization problem,

Co-Design: min C, (20a)
s. t. (19), (20b)

where matrices P and K, and scalar C are decision variables.

B. Solution Approach

Lemma 1 is applied here to solve the co-design prob-
lem (20). Since δ is a bounded linear uncertainty, the matrix
J ′(δ, C) lies in a polytopic uncertain set. Let matrix J ′

j(C)
be the j-th vertex of the set. Inspired by Lemma 1, con-
straints (20b) hold if the following conditions are satisfied,

(J ′
j(C)+G′K)⊤P+P (J ′

j(C)+G′K)≺0, j=1, ..., 211. (21)

As shown in equation (21), there is a coupling between
decision variables P and K in the condition (21), which
makes the condition non-convex. We can take a change of
variables to obtain the equivalent tractable LMI condition. For
P ≻ 0, define W = P−1 and Y = KP−1, so that we have
K = YW−1. Substituting into matrix inequalities (21) and
multiplying both sides of them from the left and from the
right by W yields

WJ ′
j(C)

⊤
+J ′

j(C)W+Y ⊤G′⊤+G′Y ≺0, j=1, ..., 211, (22)

which are LMIs in W and Y if C is given.
In addition, similar to Section III-A, the condition of prob-

lem (20) holds if the following two LMIs in variables W , Y ,
N , λk, k = 1, ..., 16 hold.

N+
16∑
k=1

λkR
⊤
k Rk L⊤

1 (W ) · · · L⊤
16(W )

L1(W ) −λ1

...
. . .

L16(W ) −λ16

⪯ 0, (23a)

N ⪰ WZ⊤ + ZW + Y ⊤G⊤ +GY, (23b)

W = W⊤, N = N⊤,W ≻ 0, N ≺ 0, λk > 0, (23c)

where Z = M(C)−1
(
A0+

∑16
k=1 pkq

⊤
k

δk+δk
2

)
, Lk(W ) =

q⊤k W , Rk = − δk−δk
2 p⊤k M(C)−1, k = 1, ..., 16.

A large K may cause a large overshoot. Hence, additional
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constraints could be imposed to improve the dynamic response
performance. We define an ellipsoid set ε using W−1 as
follows,

ε =
{
ξ ∈ R21 : ξ⊤W−1ξ ≤ 1

}
.

The set ε is forward invariant, and ∥K∆x′∥ ≤ µ holds, if the
following LMIs are satisfied,[

1 ∆x′(0)
⊤

∆x′(0) W

]
⪰ 0,

[
W Y ⊤

Y µ2I

]
⪰ 0, (24)

where matrices W and Y satisfy the LMIs (22), and I is the
identify matrix.

Remark 1. There are two regulation parameters ∆x′(0) and µ
in constraint (24). Since the constraint is based on a linearized
model, the selection of ∆x′(0) and µ is inherently limited,
implying that these parameters cannot be handled in the
same manner as in a linear system. To determine appropriate
values, we assume that the linearization error within ±1% of
the equilibrium x′

e0 calculated based on the nominal loading
parameter is sufficiently small. By this assumption, we set
∆x′(0) = 0.01x′

e0 and µ = 0.01Udcr for an instance.

Let C∗∗ be the solution of the co-design problem (20). If
the convex feasibility problem,

find W, Y,

s. t. (22) or (23),

(24), C = Ĉ,W = W⊤,W ≻ 0,

(25)

is feasible, then we have C⋆⋆ ≤ Ĉ and K = YW−1 that can
make the linearized system matrix H(δ, C) remain Hurwitz
stable for all δ ∈ ∆. Conversely, if it is infeasible, then we
can conclude C⋆⋆ ≥ Ĉ.

Therefore, we can use the Bisection method that checks the
convex feasibility problem (25) at each given value Ĉ to solve
the problem (20). Implementation procedures are consistent
with Algorithm 1 and are omitted to avoid redundancy.

V. CASE STUDIES

In this section, we demonstrate the effectiveness of the
proposed Algorithm 1 and co-design using simulations. The
algorithm is executed on MATLAB with the CVX tool. The
simulations are performed on the professional power system
simulation software MATLAB/Simulink. We first set up the
simulation model and the relevant parameters. Then, we verify
the proposed DC-link capacitance design method. Finally, we
validate the proposed capacitance-control co-design method.

A. Simulation Setup

We built a two-terminal VSC-HVDC main circuit in MAT-
LAB/Simulink in accordance with Fig. 1. In the main circuit,
the switching device, namely the converter, is set up to its
average-value model. In the average-value model, the AC side
of the converter is represented by three controlled voltage
sources, while the DC side is modeled as a controlled current
source [30], [31]. Furthermore, the controllers for the sending
and receiving end converters are established based on the
structures shown in Fig. 2 and 3, respectively.

The parameters of the main circuit model and control are
given in Table II.

TABLE II
Parameters of Model and Control

Parameters Symbol Value Unit

Grid frequency f 50 Hz
Rated AC voltage Us1 10 kV
Rated DC voltage Udcr 20 kV

Converter rated power Pn 10 MW
Rectifier inductance L1 19 mH
Rectifier resistance R1 0.06 Ω
DC cable resistance Rdc 0.1 Ω
DC cable inductance Ldc 35 mH
Inverter inductance L2 19 mH
Inverter resistance R2 0.06 Ω

LC filter capacitance Cf 14 µF
PWM frequency fpwm 2000 Hz
Inner loop gain (kpi1, kii1) (13, 40) /
Outer loop gain (kpv1, kiv1) (0.06, 8) /
Inner loop gain (kpi2, kii2) (20, 63) /
Outer loop gain (kpv2, kiv2) (0.06, 5) /

We determine the upper bound of the load power variation
interval in a rational manner. This bound is constrained by
both the allowable current and the DC voltage utilization rate.
Under the allowable current constraint, the maximum output
power of the VSC can be obtained based on the rated power.
Under another constraint, it can be obtained via power flow
calculation. Then, we chose the lower of the two results as the
upper bound of load power.

We obtain the specific interval of the equivalent load re-
sistance Rl based on the rated parameters given by Table II.
Let the allowable current be 1.5 p.u., then the corresponding
power is also 1.5 p.u., i.e., 15 MW. Meanwhile, the DC voltage
utilization rate-constrained maximum output power of the VSC
is about 11 MW. Taking the smaller one as the upper bound,
the interval of the load power is [6 MW, 11 MW]. Then, we
can further determine that the uncertain load resistance Rl lies
in the interval [9.09 Ω, 16.67 Ω].

The operational constraint set Ve is constructed from the
equilibrium operating points corresponding to the considered
load-power range. Specifically, for each sampled load-power
condition P

(j)
L ∈ [Pmin

L , Pmax
L ], the nonlinear steady-state

equations of the VSC-HVDC system are solved using the
fsolve function in the MATLAB Optimization Toolbox. The
obtained equilibrium point xe,(j) satisfies

f
(
xe,(j), P

(j)
L

)
= 0. (26)

Then, the corresponding operating-variable vector ve,(j) is
obtained from the equilibrium solution. By sweeping the load-
power interval, a set of equilibrium operating points and the
associated operating-variable vectors are obtained. For each
component vei , its lower and upper bounds are determined as

vei = min
j

v
e,(j)
i , vei = max

j
v
e,(j)
i . (27)
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Therefore, the operational constraint set is constructed as

Ve = {ve | vei ≤ vei ≤ vei , i = 1, . . . , nv} . (28)

In this way, Ve is obtained from the numerically com-
puted steady-state operating points rather than being directly
assigned based on heuristic interval assumptions.

B. Validation of DC-Link Capacitance Design

Based on the rated parameters given in Table II, the base
value of capacitance used for normalization is 318 µF. Under
the prescribed uncertainty set and the adopted search precision,
Algorithm 1 yields a minimum feasible DC-link capacitance
of 3.41 p.u. for the proposed sufficient LMI condition.

The load resistance is inversely proportional to the steady-
state power. We consider a decrease in load resistance, cor-
responding to a uniform increase in steady-state power at a
rate of 1 MW per 2 seconds. As shown in Fig. 4(b), when the
load resistance varies in the interval [9.09 Ω, 16.67 Ω], the
system remains stable if the DC-link capacitance is 3.41 p.u..
This simulation result is consistent with the proposed LMI-
based capacitance design and verifies the effectiveness of the
obtained feasible capacitance.

(a) The load resistance

(b) The DC voltage when the DC-link capacitance is 3.41 p.u.

Fig. 4: The load resistance and DC voltage of the VSC-HVDC
system.

C. Validation of Capacitance-Control Co-Design

The results in Section V-B indicate that, using only the ex-
isting control structure, the minimum feasible DC-link capac-
itance obtained under the proposed sufficient LMI condition
is 3.41 p.u. To reduce the capacitance requirement and its
associated cost, we introduce the feedback control using the
method proposed in Section IV. Under the same uncertainty
set and search precision, the capacitance-control co-design
reduces the minimum feasible capacitance to 0.76 p.u.

However, for the convex feasibility problem (25), if the
constraint (24) on the feedback control gain is omitted, the
resulting gain K = YW−1 becomes excessively large, thereby

invalidating the linearized model. To illustrate this issue, we
consider the case where the problem is solved with a DC-link
capacitance of 3.41 p.u. We set the integral regulator gain to
k = 6. As shown in Fig. 5, the system remains stable until
approximately 6 ms earlier, at which point the load resistance
reaches 16.67 Ω, corresponding to a steady-state power of 6
MW. At 6 ms, the state-based feedback control without the
proposed gain constraint (24) is introduced. It can be seen that
the system becomes unstable approximately 10 ms after. This
demonstrates that constraining the feedback gain magnitude is
essential in the linearized model-based state-feedback control
design to mitigate nonlinear effects and consequently preserve
the validity of the linear approximation.

(a) The load resistance

(b) The DC voltage when the DC-link capacitance is 3.41 p.u.

Fig. 5: The load resistance and DC voltage of the VSC-HVDC
system with gain unconstrained-feedback control.

In comparison, we impose the constraint (24) in co-design.
The resulting lowest DC-link capacitance among those that
make the feasibility problem (25) feasible is 0.76 p.u.. With
this capacitance, the feedback gain, and the integral regulator
gain, the simulation results are shown in Fig. 6(b), demonstrat-
ing robust stability across the entire range of load resistance.

In Fig. 6(b), we consider step decreases in the load resis-
tance from 16.67Ω to 11.76Ω and then to 9.09Ω, where each
step corresponds to a 2.5 MW increase in the steady-state
power demand. It can be observed that after each decrease in
load resistance, the DC voltage initially drops and then rapidly
returns to the rated value of 20 kV under the action of the
state-feedback controller.

The physical mechanism can be explained as follows.
When the load resistance decreases, the absorbed load power
increases, which tends to discharge the DC-link capacitor
and causes a temporary voltage drop. The proposed feedback
controller improves the damping characteristics of the system
and regulates the power balance, thereby suppressing the
voltage oscillation and restoring the DC-link voltage to its
steady-state value. Therefore, Fig. 6 verifies that the proposed
co-design method can maintain stable DC voltage regulation
under load variations even with a relatively small DC-link
capacitance.
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In addition, the co-design result of 0.76 p.u. is much
lower than the 3.41 p.u. obtained without feedback co-design,
demonstrating that the proposed co-design effectively reduces
the required feasible capacitance.

(a) The load resistance

(b) The DC voltage when the DC-link capacitance is 0.76 p.u.

Fig. 6: The load resistance and DC voltage of the VSC-HVDC
system with the proposed co-design.

D. Hardware-in-the-Loop Case Study

The OPAL-RT platform is widely applied in power system
and power electronics research due to its high-performance
hardware-in-the-loop (HIL) capabilities. Utilizing a multi-
core CPU combined with FPGA-based parallel computation,
OPAL-RT enables microsecond-level real-time simulation of
complex power systems and power electronic devices. Unlike
offline simulations, it allows external controllers and protection
devices to interact with the simulation at real-world sampling
frequencies, latencies, and trigger mechanisms. The platform
reduces experimental risk and cost, allowing repeated testing
under diverse fault scenarios and extreme conditions. OPAL-
RT5600 integrates a powerful Intel CPU and Xilinx FPGA
boards, providing up to 128 analog and 256 digital high-speed
I/O channels for precise real-time control and measurement.

The RT-LAB platform complements OPAL-RT by providing
a distributed computing environment that orchestrates multiple
targets for real-time simulation. The software framework al-
lows automatic code generation, compilation, and deployment
onto target hardware, ensuring seamless interaction between
the host computer and the real-time simulation nodes. The
system supports multi-core synchronization, real-time task
scheduling, and precise execution of control algorithms, mak-
ing it ideal for verifying controller performance and system
stability under varying operating conditions. Fig. 7 illus-
trates the overall setup of the OPAL-RT real-time simulation
platform, including the main chassis, oscilloscope, and host
computer used for HIL experiments.

Using OPAL-RT and RT-LAB, we constructed a two-
terminal VSC-HVDC system to validate the proposed DC-
link capacitance sizing and co-designed state-feedback control.

Fig. 7: Overview of the OPAL-RT Real-Time Simulation
Platform

The main circuit and control algorithms were implemented
according to the models described in Sections II and III. Fig. 8
and Fig. 9 show the DC voltage and load power responses of
the VSC-HVDC system under different DC-link capacitances
and control schemes, illustrating the effect of adding state
feedback on system stability. Results demonstrate that with
the baseline DC-link capacitance of 3.41 p.u., the system
remains stable under load variations within [6 MW, 11 MW].
Furthermore, with the co-designed state-feedback control, the
required DC-link capacitance can be reduced to 0.76 p.u.
while maintaining robust stability. The DC voltage converges
to its reference value across all tested scenarios, illustrating
the effectiveness of the proposed methodology.

Fig. 8: Load Power and DC Voltage with DC-Link Capacitance
of 3.41 p.u. under No State Feedback

E. Computational Benchmarking

To further clarify the optimization aspect and evaluate
the computational efficiency of the proposed method, the
conventional vertex-based method is adopted as a benchmark.
The vertex-based method is selected because it is a direct and
rigorous approach for robust stability verification of uncertain
linear systems. Specifically, it checks the LMI stability con-
dition at all vertices of the uncertainty polytope. Therefore,
it can provide a relatively non-conservative reference result
for the minimum feasible DC-link capacitance. However, its
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Fig. 9: Load Power and DC Voltage with DC-Link Capacitance
of 0.76 p.u. under State Feedback

computational burden increases rapidly with the number of
uncertain variables due to exhaustive vertex enumeration.

For a fair comparison, the initial search interval of the DC-
link capacitance is set as 0–10 p.u., and the search accuracy
is set as 0.001 p.u. for both methods. The benchmark results
are shown in Table III.

TABLE III
Benchmark comparison of different capacitance design

methods

Method
Minimum

capacitance Wall-clock time

Vertex-based method
with 211 vertices 3.203 p.u. 3412.9 s

Proposed 2-LMI method 3.410 p.u. 26.3 s

As shown in Table III, the vertex-based method obtains
a minimum feasible capacitance of 3.203 p.u., while the
proposed 2-LMI method obtains a feasible capacitance of
3.410 p.u. This indicates that the proposed method introduces
about 6.5% additional conservativeness in terms of the capac-
itance result. However, the wall-clock time is reduced from
3412.9 s to 26.3 s, corresponding to an approximately 129.8-
fold acceleration. Therefore, the proposed method significantly
improves the computational efficiency at the cost of only slight
additional conservativeness, which provides a practical trade-
off for robust DC-link capacitance optimization.

F. Sensitivity Analysis

The co-design result reported above is affected by the
regulation parameters introduced in constraint (24). To clarify
this dependence, we further conduct a sensitivity analysis with
respect to these parameters. Let

∆x′(0) = ρx′
e0, µ = ηUdcr,

where ρ determines the size of the initial perturbation consid-
ered in the invariant ellipsoid constraint, and η determines the
allowable magnitude of the feedback action.

Table IV reports the minimum feasible DC-link capacitance
under different values of ρ and η. It can be observed that
increasing ρ generally leads to a larger minimum feasible
capacitance, since a larger initial region needs to be certified.
In contrast, increasing η reduces the required capacitance be-

TABLE IV
Minimum feasible DC-link capacitance under different

regulation parameters.

ρ

η
0.005 0.010 0.015 0.02

0.005 0.76 0.46 0.35 0.29
0.010 1.22 0.76 0.57 0.46
0.015 1.53 1.02 0.76 0.62
0.020 1.85 1.22 0.94 0.76

cause the feedback controller is allowed to provide a stronger
stabilizing action. These results indicate that the reported
capacitance reduction is not only determined by the physi-
cal system parameters, but also by the admissible feedback
magnitude and the size of the certified operating region.

We also investigate the influence of the load uncertainty
range. Table V shows the minimum feasible capacitance
under different load power intervals. As the uncertainty range
increases, the required capacitance increases accordingly. This
is because the robust stability condition needs to hold for
a larger set of admissible Jacobian matrices. Nevertheless,
the proposed co-design method remains feasible over the
tested uncertainty ranges and consistently reduces the required
capacitance compared with the original control structure.

TABLE V
Minimum feasible DC-link capacitance under different load

uncertainty ranges.

Load power range Original control Co-design

[8, 9] MW 0.75 0.22
[7.5, 9.5] MW 0.89 0.29
[7, 10] MW 1.05 0.38

[6.5, 10.5] MW 1.28 0.52
[6, 11] MW 3.41 0.76

VI. CONCLUSION

This paper addresses the problem of DC-link capacitance
design in VSC-HVDC systems under uncertain loading condi-
tions. Sufficient conditions for robust stability and capacitance-
control co-design synthesis method are developed. From the
theoretical derivations and numerical studies, this work verifies
the engineering observation that if the load power is below
a certain threshold for a given capacitance, the system may
remain stable. On the other hand, regarding a given load
power, the system keeps stable with a capacitance exceeding
a corresponding value. In addition, the proposed method
can potentially be extended to the robust stability analysis
and control synthesis for other systems with multi-parameter
uncertainties.

The proposed method can also be extended to other VSC-
HVDC topologies because its core procedure relies on an
uncertainty-dependent small-signal model and a robust LMI
stability condition. For MMC-based HVDC or multi-terminal
VSC-HVDC systems, similar robustness analysis can be ap-
plied by modifying the state vector, the small-signal Jacobian
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matrix, the uncertainty set, and the uncertainty decomposi-
tion matrices according to the corresponding topology. In
particular, MMC internal dynamics and multi-terminal DC
network coupling should be incorporated into the model. These
extensions of the proposed capacitance design framework will
be investigated in future work.
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