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1 | INTRODUCTION

Abstract

Interconnection and expansion of AC networks through high-voltage direct current grids
based on modular multilevel converters to form a multiterminal hybrid AC/DC grid can
pose stability issues. These challenges can arise from dynamic interactions between/within
AC and DC subgrids due to pootly damped modes that are potential sources of persistent
and disruptive oscillations. This paper aims to ensure the stability of multiterminal hybrid
AC/DC grids via a decentralized optimal controller. The proposed methodology analyti-
cally and simultaneously identifies both the decentralized optimal controller and the worst-
case perturbation scenario under the grid control inputs’ and state variables’ constraints,
without the need for detailed and time-consuming dynamic simulations of all possible sce-
narios. Eigenvalue stability analysis and time-domain simulations show that the proposed
controller can efficiently enhance the test grid stability margins and reduce the oscilla-
tions, not only under the worst-case perturbation scenatio (increasing damping ratios of
the two pairs of least damped modes by 2.34 and 4.05 times) but also under other critical
fault conditions. Furthermore, the controller’s superior performance is validated through
comparison with the power system stabilizer and modular multilevel converter droop con-
troller under small and large disturbances, and its robustness is assessed against parametric
uncertainties.

existing and future-built HVDC grids that may have been
originally planned and developed without detailed analyses of

The high-voltage direct current (HVDC) grids based on the
modular multilevel converters (MMCs) are playing an increas-
ingly pivotal role in the green shift towards the carbon-free
renewable power system [1, 2]. This paradigm is due to the
HVDC technology’s significant developments in recent years,
resulting in higher energy efficiency, power capacity, and con-
trollability of the power system. Hence, the technology has
become a viable solution for the interconnection of offshore
wind farms and onshore grids to form a multiterminal system
topology. In addition, overlay HVDC grids interconnecting syn-
chronous and asynchronous zones over ultra-long distances are
essential in achieving a wide-area power system at a (trans-) con-
tinental scale, and consequently, the global energy interconnec-
tion (GEI) scenario [3].

Notwithstanding the progressive achievements and innova-
tions in HVDC systems, the interconnection of the currently

then-unforeseen grid expansion’s effects can eventually induce
interoperability issues. These include interactions and stability
challenges in multiterminal hybrid AC/DC grids [4—6]. Such
dynamic interactions, either on the AC- or DC side of the mul-
titerminal grid, can be a source of detrimental oscillations and
propagate to the entire network due to the droop control action
of the HVDC converters, resulting in stability deterioration,
faults, and subsequent blackouts with considerable damages and
costs [7, 8]. Stability problems with oscillations and harmonic
interactions have been reported in several HVDC-dominated
grids over the past few years, such as harmonic interactions and
high-frequency resonances detected at BorWinl wind farm [9,
10], subsynchronous oscillations observed over a hundred times
at Xinjiang wind farm [11], and oscillations reported in several
MMC-based HVDC grids in China and Germany [12]. Namely,
the oscillations observed worldwide in MMC-based HVDC
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systems can occur from the subsynchronous to medium- and
high-frequency ranges [12].

A number of recent studies have addressed the control and
stability challenges in multiterminal hybrid AC/DC grids [5, 12].
The potential detrimental dynamic interactions between the AC
and DC subnetworks are assessed through the impedance-based
modelling of the hybrid AC/DC grids in [13]. The AC gtid here
is represented through a simplified model of the synchronous
generator with an automatic voltage regulator (AVR)/exciter,
and the considered converter topology is the conventional 2-
level voltage soutce converter (VSC). This study shows that a
retuning in the control parameters and a DC-side damper struc-
ture are required to assure the grid’s stability when the AC and
DC grids are interconnected. Reference [14] investigates the
effect of the VSC-HVDC links on the transient stability of the
AC power systems. A simplified representation of the power
system with VSCs modelled as complex current soutces with
independent active and reactive power injections is used here.
A linearizing feedback controller, which requires communica-
tions among generators and converter stations, is introduced
to improve the stability margins of the AC-side rotor angles
by readjusting the active power reference of the power-mode
VSCs. In [15], the primaty goal is to analyse the modes of inter-
actions and improve the stability margins of the MMC-based
HVDC grids. Hence, an adaptive phase locked loop (PLL) con-
troller is proposed to guarantee the grid stability under the short
circuit ratio (SCR) and grid inductance variations while requiring
communications between all grid components. The MMCs here
are modelled as conventional 2-level VSCs by disregarding the
converter arm voltages and currents dynamics. Reference [16]
proposes a global model predictive control (MPC)-based grid
controller to improve the VSC-HVDC grid stability. This con-
troller results in damping the AC network power oscillations by
manipulating the HVDC links’ power injections. The method-
ology can react to power system variations without additional
tuning; however, it demands communication among HVDC ter-
minals. The VSCs here are also modelled as 2-level converters.
A distributed supplementary controller is presented in [17] to
enhance rotor angle stability of the VSC-based AC/DC systems.
The proposed control law locally computes the control input
limits; however, it depends on the communication between con-
verter stations. Moreovet, limits on the converters and theit con-
trollers are not considered here except those on the convert-
ers’ power references. Furthermore, AC/DC system modelling
contains simplifications on generators, cables, and VSCs, which
are represented as converters with controllable active power
injections.

In fact, in all the abovementioned references on hybrid
AC/DC grid stability analysis, the internal dynamics of the
MMCs caused by the circulating currents are ignored, as these
currents are not suppressed through either control or modula-
tion. Namely, the critical effect of the MMCs’ arm voltages and
currents dynamics on the stability of the multiterminal hybrid
AC/DC grids and their interactions with the AC-side genet-
ators are underestimated. Moreover, none of the references’
proposed methodologies to overcome the challenges of the
dynamic interactions in hybrid AC/DC grids (except for [10])

is optimal. The solutions do not guarantee stability under the
worst-case perturbation scenario found under the grid control
inputs’ and state variables’ constraints.

Furthermore, it is not uncommon to consider the AC side of
the network as a stiff grid when the main focus of the research
is on HVDC grids’ stability, leading to neglecting the generator
and its controls’ dynamics and its harmonic interactions with
the DC side of the grid. For instance, reference [18] proposes
a single-input single-output (SISO) feedback control model of
a hybrid dual-infeed HVDC system to quantitatively investi-
gate the effect of the dynamic interactions between the AC grid
strength and control parameters on the stability matgins. The
goal is to propose a practical design and control methodology
for HVDC systems; however, it demands a number of analyses
and extensive retuning, Furthermore, the AC grid is simulated
as a voltage source behind series resistance and inductance, and
the DC-side voltage and cutrent are assumed to be constant.
In [19], an analytical and effective strategy, named the inequal-
ity constraints-based method, is introduced to estimate the sta-
bility regions of the droop slopes in MMC-based multiterminal
HVDC systems. This methodology can further be applied to
find the optimal droop control parameters, but the paper only
focuses on small disturbance stability at the equilibrium point.
Moreover, the AC grid and HVDC cable models are simplified
as a stiff grid and T-equivalent circuit, respectively. A control
parameter optimization method based on the quadratic index
and damping ratio characteristics is proposed in [20] to improve
the small-signal stability and dynamic response of a point-to-
point hybrid LCC-MMC HVDC system. The methodology is
optimal based on the Monte Carlo approach but requires com-
munications among converter stations. The AC grid here is rep-
resented through a voltage soutrce behind series resistance and
inductance, neglecting the generator and its controllers’ dynam-
ics. Reference [21] introduces a methodology for the optimal
design of controller parameters to guarantee the small-signal
stability of the interconnected MMC-HVDC grids for wind
farm integration. The impedance-based analysis approach is
used to retune the AC voltage controller optimally, and there
are a number of simplifications in grid modelling, including
the AC grid represented as a constant power source. The con-
troller parameters’ optimization is also investigated in [22] to
maximize the phase margin of the MMC-HVDC integrated sys-
tem, considering the delay effect. An MMC impedance opti-
mization method is proposed that traverses all the potential
controllers’ parameters’ values within the derived boundaries
to improve the high-frequency stability. Thus, the methodology
can be complicated and time-consuming when the number of
converter stations increases. Furthermore, the methodology
applies simplifications in the AC grid and HVDC cable
modelling,

1.1 | Motivation and contributions

According to the previous discussion on the most recent
scientific works regarding the stability issues and dynamic
interactions due to the interconnection and expansion of
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MMC-based HVDC grids, it can be concluded that there is a
demand for (1) accurate modelling of the multiterminal hybrid
AC/DC grids with sufficient details on all components (e.g.
the generator and its controllers, MMC and its controller, and
HVDC cable) to investigate the control and dynamic interac-
tions between/within the AC and DC subgtrids, and (2) an ana-
Iytical and optimal control methodology to improve the intet-
connected grid stability and minimize the oscillations caused
by the pootly damped modes that are identified from the
grid’s detailed model. Hence, this paper’s motivation is to focus
on the abovementioned demands to guarantee the stability of
the MMC-based multiterminal hybrid AC/DC grids under the
worst-case perturbation scenatrio.

We have initially proposed an analytical methodology to
derive a decentralized optimal controller with constraints on
the grid control inputs and state variables, under the worst-case
perturbation scenatio, to minimize the DC voltage oscillations
in MMC-based offshore multiterminal HVDC grids [23]. The
optimization problem formulation is inspired by [24], in which
the goal was to minimize the generator frequency deviations in
AC grids using a centralized optimal controller. However, it has
never been tested whether the optimization approach can be
extended to hybrid AC/DC grids to improve the stability mar-
gins and minimize the oscillations caused by the pootly damped
modes. Additionally, neither had the optimal controller perfor-
mance been assessed under the exact worst-case perturbation
scenario obtained from the optimization procedure, nor under
fault conditions, as it was only validated under small distut-
bances. Moreover, the optimal controller parametric robustness
has never been evaluated.

Consequently, within this context, the paper’s primary contri-
butions are:

* Investigating the pootly damped modes in an MMC-based
multiterminal hybrid AC/DC grid. Such a grid is modelled
in detail to account for the multiple sources of oscillations
resulting from the dynamic interactions between/within the
AC and DC subgtrids. It is shown that the pootly damped
modes responsible for oscillations have a high sensitivity to
the power system stabilizer (PSS) and MMC droop controller
tuning parameters on the AC- and converter-side of the grid,
respectively. Moreover, it is revealed from the detailed model
of the grid that the MMC arm capacitors can contribute to
minimizing oscillations arising from the AC side of the grid.
Such phenomena would have remained unnoticed if simpli-
fied models on either side of the grid were applied.

* Scrutinizing the applicability and feasibility of the decentral-
ized optimal linear feedback controller to improve the sta-
bility margins and reduce oscillations under the worst-case
perturbation/oscillation scenario and grid control inputs’ and
state variables’ constraints. These oscillations are primarily
caused by the pootly damped modes in MMC-based multi-
terminal hybrid AC/DC grids. To this end, the performance
of the controller is validated under the following cases:

° worst-case perturbation/oscillation scenatio,
° small and large disturbances (three-phase short circuit
fault),

absence or presence of the traditional PSS or MMC droop
controller, and

uncertainties in control parameters, grid parameters, and
operating conditions.

Furthermore, a comparative analysis between this paper and
the relevant abovementioned literature is presented in Table 1 to
highlight the papert’s contributions. The remainder of the paper
is organized as follows: Section 2 presents the MMC-based mul-
titerminal hybrid AC/DC gtid under study and its associated
state-space model, which is essential for the decentralized opti-
mal controller’s derivation and small-signal eigenvalue stabil-
ity analysis. In Section 3, the decentralized optimal controller’s
problem formulation and implementation for minimizing the
oscillations caused by the pootly damped modes of the grid
under study are given. Section 4 analyses the small-signal eigen-
value stability for identifying the grid’s pootly damped modes
and investigates the performance of the decentralized optimal
controller in improving damping ratios and stability margins of
these modes. In Section 5, time-domain simulations are given
to evaluate the decentralized optimal controller under small
and large disturbances, in the presence or absence of the PSS
and MMC droop controller, and under control parameters, grid
parameters, and operating conditions uncertainties. The pros
and cons, and scalability of the proposed methodology are
discussed in Section 6. Finally, the conclusion is presented in
Section 7.

2 | HYBRID AC/DC GRID UNDER
STUDY

The system under analysis here is an MMC-based multiterminal
hybrid AC/DC grid shown in Figure 1. It is a 14-bus system
composed of three AC grids interconnected through an MMC-
based three-terminal HVDC network. One of the AC grids con-
taining G1 and G4 has two areas that are 50 km apart. Among
the three converter stations, MMC1 and MMC3 are controlled
via the DC-d

roop mode while MMC2 is in power mode control.

In this section, the grid’s steady-state time-invariant (SSTT)
state-space model is obtained as a prerequisite for implementing
the decentralized optimal controller to improve the grid stability.
It is also used for analysing the small-signal eigenvalue stability
to identify the grid’s poorly damped modes. The general form
of the grid state-space model can be stated as [25]:

%= flx,u), =800 u), ©)
where x, u, and g are defined as the grid state vector, control
input vector, and output vector, respectively.

2.1 | State-space model of the AC grid

The AC grid parameters adapted from [25] are given in
Table 2. The generators are represented based on the detailed
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TABLE 1 Summary of the comparison between the proposed approach and other relevant references

Ref. Methodology A B C D E F G H I
This paper  Decentralized optimal linear feedback controller v /7 /7 v 4 v 7/ /7 v
[13] DC-side damper structure (impedance-based modelling) o o x o/ X X o ox x /
[14] Feedback lineatization technique v /X X X X X X X
[15] Adaptive phase locked loop (PLL) controller v /X X X x x v/ X
[16] Global model predictive control (MPC)-based grid controller X v X v v X X X
[17] Distributed supplementary control x v / X X X X X X
[18] Single-input single-output (SISO) feedback control model vV X na na.  na x v X n.a.
[19] Inequality constraints-based method for fast estimation of droop-slope stability regions X v/ X 4 x vV X

[20] Control parameter optimization based on quadratic index and damping ratio v /X v x v/ X

[21] Impedance-based optimal design on controller parameters VA na n.a na X v X n.a
[22] Modular multilevel converter (MMC)impedance optimization /X na. na  na X voox n.a.
[24] Linear feedback controller X vV X X X X X

Note: A: Analysing control and dynamic interactions; B: Analytical methodology (no retuning or repetitive calculations or dynamic simulations); C: Decentralized controller; D: Optimal

controller (under worst-case perturbation scenario); E: Under control inputs’ and state variables’ constraints (inequality constraints); F: AC-side detailed model (synchronous generator

with controllers); G: Converter detailed model (MMC with controllers); H: DC-side detailed model (high-voltage direct current [HVDC] cable); I: Discussion on implementation feasibility

(communication requirements, scalability).
Abbreviations: n.a., not applicable/available

MMC1 MMC2
Bl Tl B2 B3 B4 B5
. 100 km | AC | 100km |
rl DC
632 MW . +320 . 505 MW
~22MVar 20KV 230KV sMW B\ v /£ —a00mw 230KV :20kV v
smMw [977Mw - SRoe Z\KV S 2 MVar | 100MW
356 MVar | 49 MVar 2 N 70 MVar
E MMC3
B14 T4 B13 |2 B12 B11 B10 T3 B9
Oan(z s

700 MW 20KV : 230 kV
100 MVar
Legends: Power flow positive sign convention:
* Reference machine Generators Production
B Bus Loads Consumption
G Generator MMC from DC to ACsside

T  Transformer

FIGURE 1 Hybrid AC/DC grid under study

sixth-order model equipped with the AVR of the simplified
excitation system type, hydro tutbine governor (HTG) of the
HYGOV type, and speed-sensitive PSS [25]. AC loads are con-
sidered as constant impedance (Z). Therefore, the state-space
representation of the AC grid with the state vector, x¢, and the
control input vector, #g, for every generator can be stated as:

xXG = ['(,b/d Ilbld z)blq zlb2q @, 5

a
Yarrt Vavr2 yb{gl J//ngZ yb{g3 J//y/g4 yp.ryl }I/m“Z] ’ (2)

. 406 MW
~301 MW 230 kV:20kV ; ar
23 MVar 101
70 MVar
— % T
uc = [”:vr CU:;/] ’ (3)

where P 7, P14, 1,4, and Py, are the per-unit rotor flux linkages.
The state variables w,, and & are the rotor angular velocity and
position, respectively. Moreover, ¥ is associated with the con-
troller’s integral state. The supetscript * denotes the reference
value, and 2, and )}, are the AVR reference voltage and HTG
reference angular velocity, respectively. It is worth mentioning
that the state variables ¥, 1 and ¥, ate valid for the reference

generators G1, G2, and G3, and & is only a state vatiable of G4.
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ac =N controller | acd | = dq }
Vie = witl;/:voi(:hout ik =V e 10, |
R B B |
| | to MMC |
‘ - I ™ controller [T1% v I
Q* -1y Reactive | | Iy ac.abe arms | lac
ac | power - | (s 0 Insertion j_’ e } I
Qe _:" controller | ac,ql‘ Zero- ‘V* g indices [ /| !
| } || sequence } €z = - }
X } Zero- | circulating fr—¥\abc | | V cabe Lo o |
Wy sequence | | } Cz::elllltr } |—> dgz Ny = —ae " % }
| controller | i R -0 g py = -ac c i
L ic; V cdg T . s
abe | e abe
. —
iedg=0 | dg
FIGURE 2 MMC topology and control
TABLE 2  AC grid parameters TABLE 3 Modular multilevel converter (MMC) and high-voltage direct
current (HVDC) cable parameters
Synchronous generator
MMC
Parameter Value Parameter Value
Parameter Value
Snd 900 MVA Vind 20 kV
R, 0.0025 pu X 0.2 pu Basc apparent power, ., 900 MVA
de
X, 1.8 pu X, 1.7 pu Base DC voltage, I} 640 kV
Xd, 03 pu )(q; 0.55 pu Converter nominal AC voltage, I, 380 kV
Xd” 0.25 pu /Yq” 0.25 pu Frequency, @ 2750 rad/s
7://0 8s 7;;;) 04 s Arm resistance, R, 0.885 Q
7:{/& 0.03 s 7:;;)/ 0.05 s Arm inductance, 2, 84.8 mH
ey 7s o 7s Arm capacitance, C, = Cyy /N 29.3 ukF
Fis 6 ey 6 Transformer resistance, R, 1.77 Q
Transformer Transformer reactance, .X; 17.7Q
DC link capacitance, Cy 219.74 uF
Parameter Value Parameter Value HVDC cable
K 900 MVA X, 0.15 pu
Parameter Value Parameter Value
Vgn’man‘ 20kV Vﬂ‘[ﬂ)l{/ﬂf)‘ 230 kV
AC transmission line R 2.65 Q/km Laa 0.6016 mH/km
Ryo 0.1218 Q/km Lo 0.302 mH/km
Parameter Value Parameter Value
Rys 0.016 Q/km Lys 2.8 mH/km
Syated 100 MVA Vyated 230 kV Ch 0.16 uF /km
7 0.0001 pu/km X/ 0.001 pu/km
2.2 | State-space model of the MMC and ence control voltages to the measured or estimated arm capac-

HVDC cable

221 | MMC state-space model

The MMC model shown in Figure 2 with parameters [20] given
in Table 3 is developed based on a simplified averaged model
that is derived from the converter energy—based representation
with compensated modulation (CM) [27]. The CM methodol-
ogy compensates for the oscillations in the arm capacitor volt-
ages by defining the insertion indices as the ratio of the refer-

itor voltages [27]. Hence, the aggregated upper and lower arm
capacitor voltages can be assumed to be balanced and repre-
sented as:

1
vy = 5C% @
where »,; and #,, ,; are the aggregated upper (#) and lower (/)

. N
arm capacitor energy and voltage (v, ,; = Zi:l US\Lul)» tESpec-
tively.
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The MMC SSTI equations can be derived by decomposing
the upper and lower arm insertion indices (#), currents (7), and
voltages (») into differential (ac) and common-mode (c) ones:

_mny _ n,+n;
N, = T n, = T, (5)
. . . i+
log = 0y Y 7, = 5 (6)
—_ I/Y/ _”ﬂ —_ Z’// +]/’/
Voo = 2 v, = 2 ’ (7)

where »,. and 7,

are the AC-side voltage and current. The
common-mode variable 7. is known as the circulating current
and v, is the voltage driving it.

Therefore, the MMC dynamics in rotating dgz reference
frame can be written as:

d 1

. _ % . . .
@ Zw,dq - L_ (”,,[,[/q - Z{g,r/q - Rdt‘ldf,dq - _/w]‘aclu[,dq)’ (8)
ac

d . .
— g = ——————(lg — 3%), ©)
a (Cor + =
d . 1 v " .
— = —(Z _yp—R 1
=Ty~ ~ R (10)
d A
i C—;(ﬂé lp = S Mackac)s (11)
where 2, 4, is the dg-component of the equivalent AC-side

voltage, and », and 7, are the DC-side voltage and current,
respectively. Moreover, R,, = R, + R,/2and L, =L, + L,/2.
The variable »y is given by (v, + v,,)/2. Thus, the refer-

K sk k
* and 7 can be defined as »¥ /sy and

cau
ence insertion indices 7

v} [ vs, respectively.

Accordingly, the state-space representation of the MMC with
the vectors x,,,,. and #,,,,., while considering the converter
control topology shown in Figure 2, becomes:

Xmme = [Zd[,tz’ Zaf,q Vg 2; Vs,

gz'am’ gz'a[/] gpﬂ[ qu[ gz'[g gll!Z{ gp// Gg]r’ (1 2)

— Lk px k% 7T
Upime = [”,/[ Pm‘ Q{lf H/ZX] ’ (13)
where P, and Q,, are the AC-side active and reactive powers,
respectively. Additionally, us . is the zero-sequence energy sum

that can be calculated as wy . = w, +w; = %Cd(p?m, + vi[’/).
The MMC control architecture (shown in Figure 2) is based on
the conventional cascaded inner and outer control loops with
PI controllers that are tuned using the modulus and symmet-
rical optimum techniques [28]. The variable & is related to the
PI controllers’ integral state, and @, is the measured AC grid

voltage angle detected by a PLL.

222 | HVDC cable state-space model

The HVDC cable with parameters given in Table 3 is repre-
sented based on the frequency-dependent model with one pi-
section and three parallel series branches [29]. Hence, the state-
space representation for every HVDC cable contains three cut-
rent states as follows:

AT
X = ige1 e 243" - (14)

It is worth mentioning that the effect of the cable shunt capaci-
tance is considered in (9).

3 | DECENTRALIZED OPTIMAL
CONTROLLER PROBLEM
FORMULATION

A decentralized optimal linear feedback controller is intro-
duced to minimize the oscillations caused by the pootly damped
modes in the MMC-based multiterminal hybrid AC/DC grid.
The optimal controller is obtained under the worst-case per-
turbation scenario while considering constraints on the con-
trol inputs and state variables fluctuations. The methodology
for developing the optimal controller is initially taken from [24,
30], which is a non-convex min—max optimization problem con-
verted into semidefinite programming (SDP) using the Lya-
punov stability and linear matrix inequality (LMI) theories. The
aim was to minimize the frequency deviation of the generators
represented by the second-order model via a centralized optimal
controller in AC grids. Namely, the grid stability was improved
by placing HVDC links represented as complex current sources,
in which the optimal controller manipulated their injected active
and reactive curtents.

We adapted the methodology to our objective to mini-
mize the DC voltage oscillations in MMC-based multitermi-
nal HVDC grids [23, 31]. Furthermore, the centralized optimal
controller was developed to be decentralized or block-diagonal to
match the grid sparsity pattern and eliminate the communica-
tion over long distances between converter stations. Further-
more, the constraints on the control inputs and state variables
were decoupled, allowing for more practicality and tractability
in design and control.

Howevert, the performance of the decentralized optimal con-
troller has never been investigated in hybrid AC/DC grids
that are modelled in detail. Hence, the paper’s main aim is
to prove the effectiveness of a suitably extended decentralized
optimal control approach in improving the grid stability mar-
gins and minimizing the oscillations under the worst-case per-
turbation scenario and decoupled constraints on the control
inputs and state variables in MMC-based multiterminal hybrid
AC/DC grids.

Therefore, an oscillation index, /,;, is introduced to mini-
mize the fluctuations caused by the poorly damped modes via
the decentralized optimal controller, K, under the worst-case
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perturbation scenario, Xg:

Jui = min max /O X0 Mz(r) dr (15)
s.t. &() = Ax(t) + Bu(?), (16)
2() = Cx(0), a7
u(t) = Kx(2), 18)

where

x0)€Xg={x,€R" 1 Vi€Z,,x Ex<1}, (19

J

The signals of interest, g(#), whose oscillations we aim to
minimize, are state variables linked to the pootly damped modes
(as defined later in Section 4) and are weighted with the sym-

metric positive semidefinite matrix M = MN > 0. In the fol-
lowing section, the small-signal eigenvalue stability and partic-
ipation factor analysis are performed to distinguish the most
dominant modes with the lowest damping ratios and their corre-
sponding participating state variables to minimize their oscilla-
tions. Matrices A € R””, and BER™” are the grid state-space
matrices found according to the grid overall state variables, x,
and control inputs, #:

_|or T T T T
X = [""Gl Xc4  Fwmeat *c12 ¥c2
T T T T T |7
Xmme2  Xc23 %63 Xmme3 xcm] ’ @n
w=[ul, ul, ul o uLal o uL T ], (@)
- G1 G4 mmel G2%mmc2 G3 mmc3]

where 7 = 99 and » = 19.

The decentralized optimal linear feedback controller, K,
architecture, and implementation (18) are depicted in Figure 3.
As can be seen from the figure, the decentralized optimal con-
troller is block-diagonal with three separate control zones to
avoid the necessity for communication among converter sta-
tions over long distances. Namely, the state variables’ variations
(Ax;), which can be measured or estimated through wide-area
measurement systems (WAMS), are sent to their associated opti-
mal controller block (K1, K2, or K3), and the resultant reference
inputs’ variations of the generators and MMCs control loops
(Aw¥) are transferred only to their corresponding control zones
(Zonel, Zone2, or Zone3).

The optimization objective (15) is subject to decoupled ellip-
soidal constraints on the state variables (19) and control inputs
(20), which are defined using the symmetric positive definite

matrices £. > 0 and £ > 0. Accordingly, » and ¢ are the

K1
A’”I Xll= I(Z

Zonel /. i=1..ny Ax;(i=1 ...n,) Lone2

Zone3
C1-2: HVDC cable between converter
stations MMC1 and MMC2.

(a) Decentralized (block-diagonal) optimal controller architecture.

5 A.\‘,,x 1 Au *,,,x 7 ~
X px1 Y U ux1, new
Xnx] +
Kmxn
u*mxl, old

J'\-an'l = [J".Gl —]-\.G-.l Jv\'m/m‘l JA‘([; J-"(‘B]

: — % % %
Au zoner = [Au*1 Au* Gy At ¥ yypes]

(b) Decentralized optimal controller implementation.

FIGURE 3  Decentralized optimal linear feedback controller architecture
and implementation

total number of the ellipsoidal constraints on the state vari-
ables and control inputs, respectively (» =10 and g = 10).
Thus, 2;1 n;=n and Zj=l m;=m. Namely, the decentralized
optimal controller, K, aims to minimize the maximum pos-
sible amount of the oscillations under the worst-case pertur-
bation scenario, X, found under the small-signal approxima-
tions defined by (19) and (20). The feasibility of implement-
ing decoupled constraints on the state variables and control
inputs improves the optimal controller flexibility based on the
design requirements.

For instance, the decoupled ellipsoidal constraints on the
state variables (20) of the hybrid AC/DC grid, which are defined
based on Figure 3a, are such that a 10% limit is applied on
the square root of the sum of the squares of the disturbances
for every piece of grid equipment (every generator, MMC, and
HVDC cable such that » = 10), describing the search area for
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the expected worst-case perturbation scenatio: Lyapunov stability and LMI theories such that /,; < ],
2 2 2 2 2 2 1
(Atpﬁ, + AP, + AT+ APS + Awj, + AS” + 1 ax » 631)
]0;\‘[1' 5>0,0;>0,Y,mw,y;
2 2 2 2 2
A T AY o T AV + Ay + AV ‘ .
(AQ + BY) + (AQ + BY)” QC
) ) 5\ /2 s.t. <0, (32)
AJ/Zn:g4 + A)/p&rl + Ay]mZ) <0.1pu, (23) cO -7
T
A2+ A2+ A%+ A2+ A2+ g Y .
( ac,d »q de ) Y,/ Z(B;>_1 Z O; V] (S Z[Lq], (33)
2 2 2 2 o
Ag/am’ + Agiafq + Agﬁ‘” + Ag?"" + Ag/‘f?', +
) . NV O, —s(EN 20, VieZ,,, (34)
Angz +A s A@(g) < 0.1 pu, (24)
2 v A2 + a2 ) 7l < VieZz 35
(A7, + A7, + A7) " <0.1pu (25) Gl =7 +0 Vi€ Zp,, (35)
7 7 2

Hence, (23)—(25) resulted from (20) and ate associated with
the decoupled ellipsoidal constraints on every generator, MMC,
and HVDC cable, respectively. The 0.1 pu can be implemented
in the optimization problem formulation by defining the sym-
metric positive definite matrices /. as diagonal with all their
entries equal to 100. It is worth mentioning that these decou-
pled ellipsoidal constraints, which impose a variation limit for
a group of state variables, can be modified and grouped dif-
ferently based on the prescriptions of the relevant grid codes
and standards.

On the other hand, the decoupled ellipsoidal constraints on
the control inputs’ variations for every generator and MMC
resulting in ¢ = 16, are defined as follows:

A%, ] < 1pu, @)
|Aws| < 1pu @n
|Ay;[| <1puy, (28)

1/2
(@Ey+@e’) <ipy 29)
A | < 1pu. (30)

The 1 pu variation limit is selected to allow a high degree of
freedom to the decentralized optimal controller to readjust the
control inputs to reduce the oscillations caused by the pootly
damped modes. Accordingly, the symmetric positive definite
matrices 72 are defined as diagonal matrices with all their
entries equal to 1.

Since the above optimization problem (15)—(20) is non-
convex in its objective and constraints, it is not straightforward
to obtain its optimal solution. However, as shown in [23], it is
possible to approximate it as a convex SDP problem using the

Yy =m, Q= blkdiag(Q,), (36)
=1

Y = blkcol(Y;), Y is decentralized, (37)
where w is a decision variable defined via an upper bound such
that w < (r/ 2;1 (1/5,)), and is proportional to a scalar quan-
tity, 5; > 0, Vi € Zy; . Hence, the optimization objective (31)
entails a convex formulation by maximizing », which minimizes
the oscillations caused by the poorly damped modes. The con-
vex representation of the » and s; derivations are stated through
a set of decision variables y; > 0, Vi € Zy ;) as given in (35)
and (36). Equation (32) enforces the Lyapunov stability with
the symmetric positive definite matrix P > 0 as the unique solu-
tion, in which it is block-diagonal with dimensions #; X #; on
its /~th block P = Ql_l Since matrix Q = blkdiag(Q;) is block-
diagonal, if matrix Y = blkcol(Y}) has the desired decentralized
structure, then the optimal controller K = YQ_l inherits the
same structure. Furthermore, by using the Schur complement,
the decoupled ellipsoidal constraints on the state variables (19)
and control inputs (20) are reformulated in the convex form of
34) and (33), respectively.

The worst-case perturbation scenario, xj ., is derived as

1

pi(=T G i i 2 ’
£ )ﬂl, where Ef = ELE and E{ = 1V//D{’ so that 17/

contains the right eigenvectors of Ei,, Di. is diagonal with
the eigenvalues of EL and » is the right eigenvector of
E;(_D Q;lg;(_]) corresponding to its largest eigenvalue.

The interested reader is referred to [23] for more details on
definitions and derivations of (31)—(37) since they are not the
main focus of the paper.

Eventually, the decentralized optimal controller problem for-
mulation, (31)—(37), can be solved using the YALMIP opti-
mization toolbox [32] of MATLAB in conjunction with the
MOSEK solver [33] that is an interior-point optimizer for linear,
quadratic, and conic problems.
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Inputs

Methodology

Outputs

Axn: State matrix
B, Input matrix
Couxn: Output matrix

state-space model of
the MMC-based
multiterminal hybrid
AC/DC grid

- J

Objective:
Minimization of the
oscillations caused
by the poorly
damped modes

Tuning of the
symmetric positive
definite matrices E,’

J whic
Obtained from the > b?:nc(ljofé b::;?;::ﬁe | N Josei: Oscillation
constraints set by the

grid codes and
standards.

Adjustment of the
matrix Y to realize
the desired
decentralized
structure

K,,x,: Decentralized
optimal linear
feedback controller

index

AXgyorsr. Worst-case
perturbation scenario

FIGURE 4 The optimization methodology with its inputs and outputs

3.1 | Optimization methodology
interpretation

The optimization methodology with its inputs and outputs is
presented in Figure 4.

The inputs to the optimization procedure are matrices
Ag9x99, Boox19, and Cooxog. The matrices Agoxog and Booxig
can be found by linearizing the grid state-space model around
its operating point. Further, the diagonal matrix Cygyg9 that is
representative of the state variables associated with the poorly
damped modes can be found from the small-signal eigenvalue
stability analysis. More details on the derivation of these three
matrices are given in the following section.

The optimization objective is the minimization of the oscil-
lations caused by the pootly damped modes (refer to Section 4)
via the decentralized optimal linear feedback controller under
the worst-case perturbation scenario (refer to (15)). This worst-
case scenario, Ax .y, is obtained under the decoupled ellip-
soidal constraints on the state variables and control inputs. The
symmetric positive definite matrices /.. and £ can be tuned to
define the limits on the ellipsoidal constraints as depicted in the
previous section. The outputs of the optimization methodology
are sensitive to these two matrices, £~ and Z;, which should be
reasonably and sensibly selected. Moreover, the desired decen-
tralized structure of the controller (shown in Figure 3a,) can be
realized by adjusting the relevant entties of the matrix Y to zero.

The outputs from the optimization procedure are the decen-
tralized optimal controller (K,y,), the oscillation index (/,,),

and the worst-case perturbation scenario (Ax_,,). The oscilla-
tion index is the objective to be minimized by the optimization
process and is representative of the amount of the oscillations
caused by the pootly damped modes. This index can be fut-
ther applied as a potential stability decision-support criterion in
transmission expansion planning (TEP).

4 | SMALL-SIGNAL EIGENVALUE
STABILITY ANALYSIS

The small-signal eigenvalue stability analysis is carried out for
the MMC-based multiterminal hybrid AC/DC grid to serve
three primary purposes: first, to gain a better insight into the
grid stability and dynamics; second, to find the grid’s poorly
damped modes; and third, to evaluate the decentralized opti-
mal controller’s performance to improve the damping ratio of
the pootly damped modes and grid stability margins.

The state-space model of the grid obtained in Section 2 is
linearized around the operating point depicted by the power
flow condition in Figure 1. Hence, the matrices Aggygg and
Byggy 19 that are among the inputs of the optimization proce-
dute are obtained. Time-domain verification is used to vali-
date the accuracy of the linearized model by comparing it with
the circuit-based (component-based) model developed in MAT-
LAB/Simulink via the Simscape toolbox. The results are shown
in Figure 5. A 1% step increase is applied to G1 reference rotor
angular velocity at # = 1, and w,, waveforms of the generators
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(a) Rotor angular velocity, wm,, of the generators G1, G2, G3, and G4
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(b) Arm capacitor voltage, vy, of the converters MMC1, MMC2, and
MMC3 (from top to bottom).

FIGURE 5 Time-domain verification of the circuit-based model and
linearized model of the MMC-based hybrid AC/DC study grid: (a) After
applying a 1% step increase to G1 reference rotor angular velocity at7 = 1 s,
and (b) after applying a 10% step increase to MMC1 reference active power at
t=1s

are given in Figure 5a. Next, Figure 5b demonstrates the MMC
arm capacitor voltages after a 10% step increase of P, at# = 1.
The simulation results show that the two models match quite
well, and the linearized model can accurately represent the grid
dynamics under the transients.

Two pairs of poorly damped modes are identified through the
small-signal eigenvalue stability analysis as given in Table 4. The
first pair, Ay 5, is defined as an electromechanical mode since its
damping ratio is less than 5%, and its frequency is in the range

90
120 60
0.8
0.6
150 30
0.4
0.2
180 é’—\ 0
210 330
240 300
270

— 1
e— (52
— (3
— (4

FIGURE 6  Observability (mode shape) of 4, , in rotor angular velocity
states of the generators

of 0.2-2 Hz. Participation factor analysis demonstrates that the
state variables 8y, w,,(, and w,,4, which are associated with G1
and G4, ate the main contributors to this mode. Thus, Figure 6
indicates the relative observability of this mode in rotor angular
velocity state variables of the generators when 4 ; is excited. It
is evident from the figure that 4, is an inter-area mode with
G1 and G4 oscillating against each other. On the other hand,
the second pair of the poorly damped modes, 43 4, with damp-
ing ratio of 14%, is mainly affected by the MMC state variables
V52, V515 53> §9522> §u521> and §,5.5. This eigenvalue pair is cat-
egorized as a pootly damped mode since it has a low damp-
ing ratio as well as a high sensitivity to parametric variations,
as shown in Figure 7b. That is, A, , is primarily influenced by
the state variables on the generator-side of the grid, whereas the
converter-side state vatiables are responsible for A5 4 properties.

Eigenvalue trajectory analysis is performed to investigate the
sensitivity of the pootly damped modes to control parameters.
It is found that A, , are very sensitive to PSS1 gain while the
droop coefficient plays a pivotal role in 434 characteristics. It
can be seen from Figure 7a that by increasing the PSS1 gain
from 0.001 to 100, the system becomes unstable since 4, , move
towards the right half-plane. Similatly, the stability margins of
A3 4 reduce as the MMC1 droop coefficient increases from 0.05
to 1 as presented in Figure 7b.

Now that the poorly damped modes and their correspond-
ing state variables are identified, the decentralized optimal con-
troller can be formulated such that:

= wu 64 v

,
Wy Vsy W5 s3] . 393)
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TABLE 4  Poorly damped eigenvalues and their primary participating states

Modular multilevel converter (MMC)-based hybrid AC/DC grid under study

No. Eigenvalue (mode) Damping ratio (%) Frequency (Hz) Main participating states®

Ao —0.27 £ ;7 5.46 5 0.87 Sty Woyl> Wps

Asa —2.13 + ;14.89 14 2.37 159, 51, 1535 §umens Eumats §umes
After addition of the decentralized optimal controller

No. Eigenvalue (mode) Damping ratio (%) Frequency (Hz) Main participating states®

Ao —0.67 £ ;7 5.69 11.7 0.91 Sigy W1y Wy

A34 —10.54 = ;15.31 56.7 2.44 V52, 1515 153, § w5225 §umats E0xe3

alndices 1, 2, 3, and 4 refer to generator G1, G2, G3, or G4 or converter MMC1, MMC2, or MMC3.
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FIGURE 7 Eigenvalue trajectory for: (a) PSS1 gain variation from 0.001
to 100, (b) MMC1 droop variation from 0.05 to 1

Therefore, the optimization objective is to minimize the oscil-
lations corresponding to the output vector’s state variables,
g(?), under the worst-case perturbation scenatio, to improve
the damping ratios and stability margins of the pootly damped
modes, 4y ; and 43 4. Hence, the matrix Cggyo9 from (17) can be
defined to be diagonal with weights on the entries correspond-
ing to the state variables of the matrix (7). Namely, the worst-
case perturbation scenatio that is defined under the optimiza-
tion constraints (19) and (20) yields the maximum oscillations
associated with the state variables (38), which belong to both
the AC- and DC side of the grid. The effect of the decentralized
optimal controller on the pootly damped modes is summarized
in Table 4. Evidently, 4, , has moved from —0.27 to —0.67 with
a slight change of frequency, which has improved the damp-
ing ratio from 5% to 11.7% (2.34 times). Likewise, the damp-

ing ratio of A5 4 has increased by a factor of 4.05 (from 14% to
56.7%), and the mode has further moved to the left from —2.13
to —10.54 (4.94 times).

5 | TIME-DOMAIN ANALYSIS

In this section, time-domain simulations are performed in
MATLAB/Simulink to investigate the applicability of the
decentralized optimal linear feedback controller under four
different case studies. Its performance is compared with the
PSS and MMC droop controller, representing the state-of-the-
art solutions for the considered application, since the poorly
damped modes, 4;, and 434, are highly sensitive to these
two controllers’ tuning parameters, as shown in the previous
section.

In the first case study, generator and converter control inputs
are perturbed under different scenarios to evaluate the opti-
mal controller performance under small disturbances. In the
second case study, the worst-case perturbation scenario found
under the optimization constraints is simulated, as the optimal
controller performance has never been tested when the exact
worst-case condition is modelled. Then, in the third case study,
a three-phase short circuit, which is the worst type of fault [34],
is applied on the AC side of the grid to explore the optimal
controller performance under a large disturbance. Finally, the
fourth test evaluates the optimal controller robustness against
uncertainties in control parameters, grid parameters, and opet-
ating conditions.

5.1 | Case StudylI

The purpose of this study is to evaluate the dynamic behaviour
of the decentralized optimal controller when it is subject to per-
turbations (small disturbances) on the generator-side (exciting
the mode 4, ,) or converter-side of the grid (exciting the mode
A34). To this end, the optimal controller performance is anal-
ysed when it is implemented into the grid operating under the

condition explained in Section 2 together with scenarios where
the PSS or droop controller is deactivated:
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Decentralized optimal controller performance after applying a 20% step increase to G1 reference AVR voltage at 7 = 10 s: (yellow) with
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optimal controller and PSS1

5.1.1 | Perturbations on the generator side

First, a 2% step increase is applied at # = 10 s to G1 reference
rotor angular velocity, @” |, which is the reference input to the
HTGT1 and PSS1. Simulation results are depicted in Figure 8. It
is apparent from the figure that when the decentralized optimal
controller is implemented, either in the presence or absence of
the PSS1, it is capable of limiting the w,,; and & variations to a
great extent, improving the damping of the mode 4; 5. The con-
troller has done this by exploiting the converter storage capac-
ity through slightly increasing the vy (0.04%), which results in
the slight reduction of the MMC1 active power by 1.5%. In
the absence of the decentralized optimal controller and when
the PSS1 is active, the 2% step increase of the a)j;l results in a
considerable decrease of the &4 and 7, 41, which substantially
reduces the amount of active power delivered to the MMC1
(—=15%). It should be noted that on this condition, the &, and
i.,41 settle at new operating points after approximately 170 s
and 110 s, respectively.

Second, the G1 reference AVR voltage, ij.l, is increased
by 20% at # = 10 s, and the results are shown in Figure 9. It
is apparent from the figure that the ®,,; and &, settling time
is much shorter in the presence of the decentralized optimal
controller than in its absence, and their oscillations are bet-
ter damped. This fast response is obtained at the cost of a
0.3% decrease of the MMC1 arm capacitor voltage and an 11%
increase of the MMC1 d-component current. When both the
decentralized optimal controller and PSS1 are deactivated, the
waveforms contain oscillations, and the grid eventually becomes
unstable after about 110 s.

Opverall, it can be observed that when the perturbations occur
on the generator-side of the grid (exciting the mode 4, ), the
decentralized optimal controller can operate even in the absence
of the PSS1. Further, it can take up the PSS role in damping
the oscillations more effectively and quickly by manipulating
the converter storage capacity. In other words, the optimal con-
troller performance is not dependent on the PSS1. Even if the
PSS is absent or pootly tuned, the optimal controller can guar-
antee grid stability when the pootly damped electromechanical
modes ate excited.

5.1.2 | Perturbations on the converter side
First, a 20% step increase is applied to the MMC1 reference
AC-side active power, P¥), at # = 10 s to excite the mode 43 4.
According to Figure 10 the grid becomes unstable if there is
no droop or decentralized optimal controller. The simulation
results for the other scenarios are demonstrated in Figure 11.
When there is only MMC1 droop control gain of 0.1 without
the decentralized optimal controller, waveforms contain a high
amount of oscillations at the frequency related to the mode
A34, and the perturbation of P, has resulted in the 84 on the
generator-side varying from —0.36 to —0.38 rad. In the scenario
with the decentralized optimal controller and droop, the oscil-
lations are significantly reduced, and there is almost no oscilla-
tion when the optimal controller is operating without any droop
controller on MMCI1.

Second, the MMCI1 reference zero-sequence energy sum,
w;,zl, is increased by 20% at # = 10 s, and the grid becomes
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FIGURE 10 MMCI1 arm capacitor voltage after applying a 20% step
increase to MMC1 reference AC-side active power at # = 10 s when MMC1
droop control is deactivated

unstable in the absence of the decentralized optimal controller
and droop controller on MMCI1. The results are given in
Figure 12. As shown in the figure, waveforms fluctuate consid-
erably at the frequency related to the mode A 4 under the droop
controller alone, and the oscillations decrease significantly when
the decentralized optimal controller is operating either alone or
together with the droop controller on MMC1.

Therefore, the decentralized optimal controller can efficiently
damp the oscillations caused by the small perturbations on the
converter-side of the grid (exciting the mode 43 4), whether the
droop controller on the MMCI1 is active or not. The optimal
controller is not sensitive to the droop controller gain, which is
an advantage in the case of poor tuning of the droop controllers
in multiterminal configurations.

5.2 | Case Study II: Worst-case perturbation
scenatio

In this study, the performance of the decentralized optimal con-
troller is tested for the first time against the worst-case pertut-
bation scenatio obtained from the optimization procedure. The
worst-case perturbation is found under the constraints defined
in (19), (20), (23)—(25), and (26)—(30). Table 5 depicts the pri-
mary control inputs’ variations (> 20%), which are associated
with the worst-case perturbation scenario, X g Simulation
results are shown in Figure 13. Without the decentralized opti-
mal controller, and in the presence of PSS and MMC droop con-
troller, the grid becomes unstable (see Figure 13d at # = 16 s.)

.
i L ¢
= 10015 — 3
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. 1.001 — I
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3 1.0005 ; A [ R s
1 ( = = i
0.9995 * 0.39
20 40 60 0 10 20 30 40 50

Time (seconds) Time (seconds)

(a) Rotor angular velocity of G1. (b) Rotor angular position of G4.

(c) Arm capacitor voltage of MMCI1.

TABLE 5  Primary control inputs’ variations (>20%) associated with the
worst-case perturbation scenario, X¢ s

Control input Variation Control input Variation
Avy” 0.2 AQ,." 0.57
Aw,,” 0.4 Ay 0.3
Avgys” 0.67 AQ, 0.36
Aw,,," 0.28 A”’Zﬂ, —0.44

*Indices 1, 2, 3, and 4 refer to generator G1, G2, G3, or G4 or converter MMC1, MMC2,
or MMC3.

under the worst-case perturbation scenario while the oscilla-
tions are within the frequency range related to the mode 4,
(see Figure 13c and Figure 13d). On the other hand, the decen-
tralized optimal controller (in the presence of PSS and MMC
droop controller) can keep the system stable and damp the oscil-
lations, such that the grid waveforms settle at a new operating
point. It is worth mentioning that the grid power-sharing con-
trol is out of the scope of this paper, and it can further be man-
aged by the grid’s secondary controller at a higher level.

Consequently, the decentralized optimal controller can
ensure the grid’s stability under a higher range of dynamics and
transients than the conventional grid controllers. Moreover, the
optimal controller’s applicability is validated under the condition
claimed by the optimization results.

5.3 | Case Study III: Three-phase short
circuit fault

In this section, the optimal controller performance under a large
disturbance is investigated, which is beyond the optimization
scope based on the small-signal approximation. A three-phase
short circuit fault is applied at bus B2 at # = 10 s and cleared
after 500 ms. The fault is used to excite the inter-area mode
A1 on the AC side of the gtid. The time-domain simulation
results are demonstrated in Figure 14. The figure shows that the
w,, and 8,4 waveforms, which ate oscillating at the frequency
related to the mode 4, , settle in a much shorter time under
the decentralized optimal controller. Figure 15 is given to show
the @,,; waveform under the same fault at a higher fictitious
clearing time of 5 s. It is evident from the figure that the
decentralized optimal controller can significantly reduce the

0.85

0.8

iac,tlI ()

0.75

9 10 11 12 13 14 9 10 11 12 13 14
Time (seconds) Time (seconds)

(d) AC-side current of MMCI1.

FIGURE 11 Decentralized optimal controller performance after applying a 20% step increase to MMC1 reference AC-side active power at # = 10 s: (yellow)

with decentralized optimal controller only, (blue) with MMC1 droop only, (red) with both decentralized optimal controller and MMC1 droop
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Decentralized optimal controller performance after applying a 20% step increase to MMC1 reference zero-sequence energy sum at # = 10 s:

(yellow) with decentralized optimal controller only, (blue) with MMC1 droop only, (red) with both decentralized optimal controller and MMC1 droop
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FIGURE 14  Decentralized optimal controller performance under the

three-phase short circuit fault at bus B2 applied at # = 10 s and cleared after
500 ms: (yellow) with decentralized optimal controller only, (blue) with PSS1
only, (red) with both decentralized optimal controller and PSS1, and (green)
without both decentralized optimal controller and PSS1

@, fluctuations after the fault and improve the grid stability
compared with the PSS1.

Since the three-phase short circuit fault is the worst type of
fault from the stability point of view [34], it can be concluded

Time (seconds) Time (seconds)

(c) Rotor angular position. (d) Rotor angular position. K =1/0
is with/without decentralized optimal

controller, respectively.

Decentralized optimal controller performance under the worst-case perturbation scenario, Xg oy, applied at # = 10 s
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FIGURE 15 Performance comparison of the decentralized optimal

controller and PSS1 under the three-phase short circuit fault at bus B2 applied
at 7 = 10 s and cleared after 5 s

that the decentralized optimal controller can also be reliable to
assure stability under other types of faults with the same clear-
ing time as the three-phase fault. Additionally, the optimal con-
troller presents better performance than the conventional PSS
in minimizing the oscillations under the three-phase short cir-
cuit fault condition.

5.4 | Case Study IV: Robustness against
parameter and operating point uncertainties

In this section, the decentralized optimal controller robustness
in rejecting the impact of the parameter and operating point
uncertainties is analysed. These uncertainties can atise from
degradation, different operating and loading conditions, mea-
surement errors, saturation, temperature variations, topology
changes, and unmodelled fast dynamics of the switching devices
[35]. Since the optimal controller is designed based on the
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(b) Arm capacitor voltage of MMCI1.

FIGURE 16 Decentralized optimal controller dynamic performance with
PSS1 gain of: (green) G, (blue) G} /5, and (red) G} *5

overall state-space model of the grid and linearized around a
particular operating condition, its capability in handling uncer-
tainties should be investigated. Hence, the dynamic perfor-
mance of the optimal controller is evaluated when it is subject to
uncertainties in control parameters, grid parameters, and opet-
ating conditions under a 2% step increase to G1 reference rotor
angular velocity at # = 10 s (disturbance on the generator-side),
and a 20% step increase to MMCI reference AC-side active
power at # = 30 s (disturbance on the converter side).

It is worth mentioning that the uncertainties considered in
the grid parameters are fictitious and unrealistic since it is almost
impossible to reach this level of parametric uncertainties in real-
ity. However, the goal is to depict the robustness of the decen-
tralized optimal controller to assure the grid’s stability under the
disturbances in the presence of parametric uncertainties.

5.4.1 | Robustness against control parameter
uncertainties

Control parameters may be poortly tuned without considering
the interactions among grid equipment or need to be retuned
due to grid reconfiguration. The two control parameters, which
have the highest impact on the grid’s stability, are the gains of
the generator PSS1 and MMC1 droop controller.

Simulation results in Figures 16 and 17 show the optimal
controller dynamic performance when it is subject to con-
trol parameters other than the ones it is tuned accordingly. In
Figure 106, the PSS1 gain (—1) is divided and multiplied by five,
resulting in gains of —0.2 and —5, respectively. As expected, the
PSS1 gain variations affect the G1 rotor angular velocity more

0 10 20 30 40 50 60 70
Time (seconds)

(b) Arm capacitor voltage of MMCI1.

FIGURE 17 Decentralized optimal controller dynamic performance with
MMC1 droop gain of: (green) Dy, (blue) D; /2, and (red) D;*2

than the MMC1 arm capacitor voltage. Moreover, the PSS1 gain
increase makes the grid more prone to instability, as previously
shown in Figure 7. On the other hand, Figure 17 depicts the
simulation results for MMC1 droop gain (0.1) variation by halv-
ing (0.05) and doubling (0.2) its value, which is a conventional
and reasonable range for droop gain variation. The effect of the
various MMC1 droop gains become apparent after the distur-
bance on the MMC1 reference AC-side active power at # = 30
s is applied. The increase in the MMC1 droop gain causes the
waveforms to have higher overshoot at the moment of the dis-
turbance on the MMC side.

As is apparent from the figures, the decentralized optimal
controller is robust enough to successfully perform and keep
the grid stable under the disturbances when there are uncertain-
ties in the most critical control parameters.

5.4.2 | Robustness against grid parameter
uncertainties

Grid parameters may be wrongly measured/estimated or may
vary due to degradation or equipment replacement. Hence, the
robustness of the decentralized optimal controller is tested in
this section against the uncertainties in the grid parameters,
including the HVDC cable capacitance, MMC arm inductance,
and generator synchronous teactance. Simulation results pre-
sented in Figures 18, 19, and 20 demonstrate the dynamic per-
formance of the optimal controller when parameter uncertain-
ties occur on the AC- and DC side of the grid.

As shown in Figure 18, increase/decrease of the MMC1
DC-side capacitance by multiplying/dividing it by five has a
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FIGURE 18  Decentralized optimal controller dynamic performance with
MMC1 DC-side capacitance: (green) (Cyyq + Cyq/2), (blue)
(Cant + Ca1/2)/5, and (red) (Cay + C /2)*5

negligible effect on w,, and »y; waveforms. In other words,
the uncertainty in the HVDC cable capacitance cannot cause
instability under the decentralized optimal controller petfor-
mance. On the other hand, Figures 19 and 20 depict the vari-
ation effect of the MMC1 arm inductance, 1,1, and G1 syn-
chronous reactance, X, on the decentralized optimal con-
troller performance, respectively. As expected, the effect of the
L

1 Vvariation is mote evident when the disturbance occurs on

the converter side of the grid, whereas the disturbance on the
generator side is more affected by the X, variation. In both
cases, the optimal controller can keep the system stable under
dynamics and transients.

5.4.3 | Robustness against grid operating
conditions

Operating conditions can vary due to many reasons, including
changes in grid source and load conditions. Since the decentral-
ized optimal controller is designed under the operating condi-
tion depicted in Figure 1, its robustness against operating point
uncertainty is tested by 30% increase and decrease of the AC
load active power at bus B2, Lp,. The G1 active and reactive
power by the increase of the Lpg, become P = 909.4 MW
(44% increase) and Q¢ = 57.4 MVar while by the decrease
of the Lp, become P = 338.5 MW (46% dectrease) and
O = —73.1 MVar, respectively. Simulation results are shown
in Figure 21. After exciting the electromechanical modes, 4, 5,
at # = 10 s, the rotor angular velocity of G1 varies by a max-
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(b) Arm capacitor voltage of MMCI.

FIGURE 19  Decentralized optimal controller performance with MMC1
arm inductance of: (green) 2,4, (blue) L4 /5, and (red) L, *5

imum of about 2%. However, the decentralized optimal con-
troller shows that it can handle the uncertainties of the operating
condition and assure the grid’s stability.

6 | DISCUSSION

6.1 | Pros and cons of the proposed
methodology

The possibility of assuring the stability of the interconnected
and expanded MMC-based hybrid AC/DC grid without run-
ning multiple time-consuming dynamic simulations and repet-
itive controllers’ tuning of the grid equipment is probably the
most prominent characteristic of the proposed decentralized
optimal controller. This is because the controller is optimally
designed under the grid worst-case perturbation/oscillation
scenario and shows appropriate and satisfactory performance
during the normal operating conditions as well as small and
large disturbances. Furthermore, once the controller is designed
using the grid state-space model, its operation is only dependent
on local communication at every converter station, owing to the
controllet’s decentralized configuration.

As mentioned eatlier, the decentralized optimal controller’s
operation depends on the availability of all the grid dynamic
state variables. These state variables can be measured or esti-
mated through the WAMS, which can impose challenges due to
the interoperability and presence of various operators and sup-
pliers. Hence, measures are needed to run the controller suc-
cessfully.
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FIGURE 20 Decentralized optimal controller performance with G1
synchronous reactance of: (green) Xy, (blue) Xy /2, and (red) X1 *2
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FIGURE 21 Decentralized optimal controller performance with load at
bus B2 of: (green) Lp,, (blue) L5,%0.7, and (red) L,*1.3

6.2 | Scalability of the proposed methodology
The scalability of the proposed methodology can be evaluated
considering the communication and computational require-
ments as well as the optimization methodology.

The performance of the decentralized optimal controller,
which can improve the grid’s stability under the small and large
dynamics and transients, is dependent on the zonal communi-
cation and computation of the grid’s state variables, as can be
seen in Figure 3. Evidently, if the communication between the
grid equipment and controller is lost in one zone, the decentral-
ized optimal controller cannot function as intended in that zone.
However, if the decentralized optimal controller is operating as
an additional controller in the presence of the PSS and MMC
droop controller, the loss of communication does not affect the
conventional performance of the grid. The decentralized opti-
mal controller can function propetly again if the communica-
tion is restored. It is worth mentioning that since the optimal
controller is decentralized (block-diagonal), an increase in the
grid size does not affect the controller’s performance.

On the other hand, the scalability of the proposed opti-
mization problem is mostly dependent on the applied method-
ology. As mentioned eatlier, the optimization formulation is
approximated as a convex SDP problem using the Lyapunov
stability and LMI theories. Hence, as long as the optimiza-
tion methodology’s inputs (A,x,, B,x,, and C,x,) are avail-

able, and the optimization matrices (2, 7, and Y) are reason-
ably tuned/selected, it should scale adequately with the grid size
increase thanks to convexity and linearity. However, it should
be noted that obtaining the optimization methodology’s inputs,
which are the grid state-space matrices, could be challenging
when the number of the grid state variables increases and the
system becomes large and highly complex. Moreover, if the
optimization matrices are not tuned appropriately and reason-
ably, there might be convergence issues under some control
inputs and state variables. Therefore, to improve the method-
ology’s scalability in large-scale hybrid AC/DC grids, it might
be necessary to further reduce the modelling order of the
grid equipment.

7 | CONCLUSION

This paper investigated the applicability of a decentralized opti-
mal linear feedback controller in improving the stability margins
and minimizing the oscillations caused by the poorly damped
modes in an MMC-based multiterminal hybrid AC/DC grid.
The optimal controller, which can be derived analytically, can
assure the stability of the interconnected grid without the need
for running time-consuming dynamic simulations and repetitive
controllers’ tuning, Furthermore, the controller’s decentralized
architecture can help avoid long-distance communication delays
and failures threatening the network’s reliability and stability.
Two pairs of pootly damped modes were found via the small-
signal eigenvalue stability analysis (1, and A54). One pair,
A1, was an inter-area electromechanical mode associated with
the generatot’s rotor angular velocity and position, whereas the
other pair, 43 4, was linked with the MMC arm capacitor volt-
ages. It was shown that the decentralized optimal controller can
improve the damping ratio of the former pair (mode on the
generator-side) by 2.34 times and the latter one (mode on the
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converter-side) by 4.05 times, and enhance the stability margins
of the grid by pushing these modes further away from the right
half-plane (4 5: from —0.27 to —0.67, and A5 4: from —2.13 to
—10.54). Such phenomena would have been ignored if detailed
models on both sides of the grid were not being applied.

Time-domain simulations revealed interactions and propaga-
tion of the oscillations and disturbances between the generator
side (AC side) and converter side (DC side) of the grid. The
state variables involved, which are the rotor angular velocity
and position on the AC side and MMC arm capacitor voltage
on the DC side, also contribute to the pootly damped modes
of the grid and ate very sensitive to the PSS and MMC droop
controller tuning parameters/gains. The higher these gains, the
lower the grid stability margins, making the grid more prone to
instability.

It was proved that the decentralized optimal controller can
efficiently operate in the absence or presence of the PSS or
droop controller to reduce the oscillations that occur due to
the poorly damped modes’ excitation and keep the system sta-
ble. In some cases, the optimal controller can take advantage of
the energy stored in the MMC arm capacitors by manipulating
the arm capacitor voltages to minimize the oscillations origi-
nating from the AC side of the grid. It was also demonstrated
that the optimal controller can ensure system stability under
small and large disturbances and has better performance to limit
the rotor angular velocity and position variations than the PSS
under the three-phase short-circuit fault condition. Since this
type of fault is the worst type from the stability point of view,
it can be concluded that the decentralized optimal controller
can also be reliable to guarantee stability under other types of
faults.

Last but not least, the robustness of the decentralized opti-
mal controller is evaluated against the uncertainties in control
parameters, grid parameters, and operating conditions under the
disturbances on the AC- and DC side of the grid. The control
parameters’ uncertainties were modeled by varying the PSS gain
and MMC droop gain. The grid parameters of interest were
the generator synchronous reactance, MMC arm inductance,
and DC-side capacitance. Additionally, an AC load was changed
by +30% to simulate the uncertainties in operating conditions.
It is shown that the decentralized optimal controller is robust
enough to keep the grid stable under disturbances when it is
subject to all the abovementioned uncertainties.

As a potential future work, the feasibility and practicality
of the proposed methodology can be investigated through an
experimental test. Namely, the performance of the decentralized
optimal controller can be analysed using one (or more) physical
MMC in power hardware in the loop (PHIL) setting to simulate
the realistic grid conditions.
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