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ABSTRACT The growing High-Voltage Direct Current transmission networks require modern control
strategies in converter stations to ensure reliable operation and uninterrupted energy supply, particularly
under unstable and low Short-Circuit ratio conditions. Conventional Grid Following converters become
unstable in low Short-Circuit ratio scenarios, while modern Grid Forming converters, though more robust,
exhibit slower dynamic response in high Short-Circuit ratio scenarios. This paper presents a hybrid control
switching strategy based on polytopic Lyapunov functions that combines the strengths of Grid Following
Control and Grid Forming Control strategies. Switching between these control strategies occurs at defined
hyperplanes of polytopes derived from the state-space equations, enabling the system to maintain fast
and stable performance under changing Short-Circuit ratio conditions of the grid. Because the method
is grounded in polytopic Lyapunov function theory, it demonstrates inherent large-signal stability. This
proposed Hybrid Control Strategy is validated using real-time ¢ simulations, showing robust performance
during Short-Circuit ratio variations, highlighting its potential for future High-Voltage Direct Current
systems.

INDEX TERMS Grid following converter, grid forming converter, hybrid control strategy, modular

multilevel converter, polytopic Lyapunov function.

I. INTRODUCTION

In recent years, High Voltage Direct Current (HVDC)
transmission networks have become crucial for long-distance
energy transmission [1]. Renewable energy sources are
being increasingly connected to the grid using HVDC
transmission networks using modular multilevel converter
(MMC) stations. The overall Short-Circuit ratio of the grid
(SCR) decreases due to the implementation of small-scale
green energy measures at the distribution level and the
decommissioning of coal power plants. Reduced SCR in
the grid leads to voltage instability and reduces power
delivery capabilities [2] in HVDC transmission grids. When
this occurs, the conventional Grid Following Control (GFL)
strategies implemented in the converter stations will fail [3].
The GFM control strategy performs effectively under low
SCR conditions by providing voltage and frequency support;
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it responds slowly to stiff grid conditions (high SCR);
Under strong grid conditions, the grid voltage and frequency
dominate the system dynamics, thereby reducing the control
authority of the GFM and weakening its power—angle inter-
action, leading to slower dynamic responses and potential
control interaction, making the GFM less effective compared
to GFL or the proposed Hybrid Control Strategy (HCS)
under strong grid conditions. [4]. Therefore, a control
algorithm that combines the merits of both converters is
urgently needed. Existing methods often rely on small-
signal assumptions, which limit their adaptability during
fast transients or uncertain grid conditions. To address this,
we propose a stability-guaranteed switching method based
on polytopic Lyapunov functions (PLF) that accounts for
dynamic behavior across a wide range of SCR conditions.
Unlike threshold-based or frequency-derivative approaches,
PLFs provide a mathematically rigorous way to define
stability boundaries for multi-mode (multiple control strate-
gies) systems, allowing switching decisions that are both
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robust to transient disturbances and valid for large operating
changes [5].

A hybrid dynamical system consisting of a family of
continuous-time subsystems and a rule governing the switch
is called a switched system [6]. In this article, this term
is renamed for clarity to highlight the application of this
concept as an HCS. This research article explores an HCS
that combines the advantages of GFL and GFM methods into
asingle approach. In [7], the authors use a switching sequence
based on the rate of frequency change (RoCoF,ﬁ.—l) and
frequency change (Af) to detect disturbances and change the
control strategies of GFM and GFL, and vice versa. However,
this research is only carried out for small increments in
step changes, or more specifically, for small signal changes.
Whereas [8] uses the frequency change rate to adjust the
MMC system’s inertia-supporting power by changing the
control parameters. In [9], the authors propose a novel
switching approach that matches the reference of the inner
current loops for the GFL and GFM strategies by using the
grid power synchronization loop. However, it requires the
steady-state operating points before and after the control
strategy switch to be the same. In [10], the authors propose
a unified control loop to smoothly transition between GFL
mode and stand-alone (GFM) mode by defining the voltage
and frequency ranges for each mode. In [11], the authors
propose a flexible switching method to switch between two
GFL control strategies (P-V and P-Q) based on the small
signal stable operating zones. Reference [12] proposes a
sliding mode control-based method for the MMC, which
promises faster dynamics but uses the SCR parameter
of the AC grid as an uncertainty. The authors of [13]
propose a separate algorithm for the real-time estimation
of grid impedance and, based on the estimates, change the
GFM control strategy parameters to adapt to the change
in the system SCR. In [14], the authors have implemented
a Power Self-Synchronization Control loop for the GFL
converter, which changes the setpoint of the active power
depending on the SCR. The authors in [15] and [16] have
implemented a switching control strategy based on the
switching boundaries obtained from the open-loop transfer
functions of grid impedance ratios, which are estimated
using multiple complex coefficient filters (MCCF) combined
with the recursive discrete Fourier transform (RDFT). Unlike
existing strategies, the proposed HCS does not require steady-
state matching, prior impedance estimation, or small-signal
assumptions, and it can adapt its switching law in real time
using stability surfaces derived from PLFs.

The HCS presented in this paper proposes switching
criteria based on stability boundaries to adaptively optimize
the operation of the converters in response to varying
grid conditions. Using the principle of Polytopic Lyapunov
functions (PLFs), the stability boundaries form hyperplanes
in which entities such as iy and i, are surfaces, forming
a polytope in 2-dimensional space. In the literature, it has
been implemented to give the modulated signal to simple
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FIGURE 1. A four-terminal +525 kV bipolar half-bridge MMC-based HVDC
system with a metallic return and a DC Hub [19].

TABLE 1. Network specifications [19].

Parameter Onshore Offshore
Transformer capacity 5 GW 2.5 GW
Rated grid line-line voltage 400 kV 66 kV
Transformer voltage ratio 400/275 kV 275/66 kV
Transformer leakage reactance  0.18 pu 0.15 pu
Transformer configuration Yn/A, 1P3W  A/Yn, 3P2W
DC line inductances 80 mH 80 mH

No. of MMC Submodules 240 240
Submodule capacitance 25 mF 16 mF
Converter Inductance 50 mH 50 mH

CUK and SEPIC DC-DC converters [17]. In this work, the
algorithm has been improved to enable switching between
GFL and energy-based GFM. Work done in [18] addresses
switching safely during transient disturbances, whereas this
work addresses which control mode guarantees stability
under structural grid uncertainty (SCR change).

Section II covers the network model and the inner loop
representation for MMC control. Sections III and IV discuss
two control strategies implemented in the HCS. Section V
presents the mathematical implementation of PLF-based
control switching. Section VI examines the impact of AC-grid
SCR on the selection of control strategies and the real-time
results in the implementation of hybrid control. Section VII
presents the conclusions.

Il. NETWORK MODEL AND MMC INNER CONTROL LOOP
Fig. 1 shows a four-terminal +525 kV bipolar half-bridge
MMC-based HVDC system with a metallic return and a DC
Hub. The network specifications are given in Table 1 as stated
in [19]. The modeled network consists of two onshore stations
and two offshore stations connected to Wind Power Parks
(WPPs) connected radially to an onshore DC Hub as shown
in Fig. 1. Furthermore, each station consists of two MMCs in
a symmetrical bipolar configuration.

Fig. 2 depicts the MMC, which consists of three legs
(one leg for every phase, i.e., j € {a, b, c}) and two arms
(upper and lower, denoted with U and L, respectively) in
each leg. Nspy is the number of half-bridge submodules
(SM) in every arm of the MMC. SMs are modeled using
their averaged representations, with R, and L., being
the equivalent resistance and inductance, respectively. Each
SM has capacitance Csys. The converter model is developed
according to [20], using ¥ — A nomenclature, all the variables
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FIGURE 2. Diagram of one MMC leg, forj < {a, b, c}.

in the converter can be represented as: ijA = ijU — ijL, ijE =
-U U L

+z VA vM/+vM, VE _ +VM/

2 Mj — 2 > UMj T

By applying the Clarke Park Transform to transform
three-phase quantities (ABC) into a direct-quadrature (DQZ)
frame [21], the set of differential equations is written in the
dg-domain as:

- (wLach + R 12) % — Voug

d (.

= (i%) = I .
d A A NSM

E (qu) = a)JZqu + — CS dq’ (2)

where Ll =

01
-10
and w 1s the angular frequency. Furthermore, the vector
Ax(k) = [ig, i[ﬂr represents the state space variables and

L+ by RE = R + B2, 0 =

, I is an identity matrix with a size 2 x 2,

T
Au(k) = [vf,,d - Vaa, v,f‘,,q — VGq] input variables. State-
space matrices are:

RaC
— I -o 0 0 1 1
A= eq Rac , B=diag ac <[
@ - L—i‘é 0 0 L Leq

3

which represents the inner control loop or cascaded current
control loop of the MMC control strategies.

Ill. GFL CONTROL

The GFL-controlled converter can be seen as a current-
controlled source with high parallel impedance. These
converters require perfect synchronization with the AC grid
frequency, achieved through a Phase-Locked Loop (PLL),
to regulate the exchange of active and reactive power
accurately. However, this synchronization process can lead
to instability problems when the grid weakens, leading
to fluctuations in the exchanged power and affecting the
system’s stability [22]. The internal dynamics of the PLL are
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FIGURE 3. GFL control strategy.

not explicitly included in the state-space model to maintain
analytical tractability of the hybrid control design. However,
the PLL’s estimated grid angle and frequency are incorpo-
rated as external signals within the GFL control framework,
ensuring that its steady-state influence is retained. The
potential impact of PLL bandwidth on the overall system
stability will be analyzed in future work. The operation of the
GFL converters is often regulated by a high-level controller
(outer control loop), which sets the values of either pP* ! V;c,
Q* and V! .. The inner control loop controls and regulates the
currents injected into the grid by determining the reference
values i dA [23], [24], [25]. In this article, the implemented
control strategy is active power control for the d-axis and AC
voltage control for the g-axis (outer loop), as shown in Fig. 3.

The state space equations representing the GFL control
strategies are shown as follows:

Epp = Pl — Poe, i = Kp%Ep, + K “Ep,, (4

Eve = Vi = Vae. 38 = —Kp*Ev,, — K “Ev,. (9
T

Ax = [&p,., Ev. | - (6)

A combination of the inner and outer loop state space
equations of the GFL control strategies yields to:

—%& —wgrL, 0 0
R
A— | wGFL _E‘E 0 O o
0 O KIPac O
0 0 0 _Klvac
B = di Lo L gPu gl ®)
lag s ) )
L L PP
. . T
Ax(k) - [ldAa lq ’ gPacv %-Vac ] 4 (9)

A A . . T
Auk) = [viyy = Voavij, = Vog r ] . (10)

This work uses the PLL output frequency wpry in the GFL
control equations. The internal dynamic states of the PLL
are not explicitly included in the state-space model, as the
primary focus is on the HCS. This simplification is valid
under the assumption of a well-tuned PLL with bandwidth
significantly higher than that of the outer control loops,
such that its transient behavior has minimal influence on
the stability boundaries derived using PLF. For low SCR
conditions where PLL dynamics may strongly interact with
converter control, the proposed HCS switches to GFM

1x* denotes the reference value (setpoint) of X.
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control. As the GFM control does not rely on a PLL, the
adverse PLL dynamics are not present in the operating regime
where they would have the most impact.

IV. GFM CONTROL

GFM controls behave as a voltage-controlled source with a
low series impedance. They are mainly designed to set grid
voltage and frequency at the Point of Common Coupling
(PCC) and can operate in an islanded mode. Therefore, these
voltage source converters need not be perfectly synchronized
with the AC voltage of the grid. The operation of the
GFM converters is often regulated by a voltage reference
Vic (outer loop) and frequency set points. This control
strategy usually does not require inner current control when
additional protection equipment is already used in the
network. However, when inherent current limitation (over-
current protection) is required, an inner control loop, similar
to the one in the GFL control, can be added [23], [26],
[27], which also improves the dynamic stiffness at the
converter terminal. In this article, this inner loop is achieved
by implementing a virtual capacitance, which decouples

the voltage loop and facilitates the generation of iqu

references within this control framework [28]. Furthermore,
implementing the concept of dual-port GFM (DP-GFM)
control strategy, depicted in Figs. 4-6, which eliminates
the need to assign distinct AC-GFM or DC-GFM roles to
different converter stations, streamlining system dynamics
and improving the resilience to topological changes or control
reserve fluctuations [28]. During normal operation, DP-GFM
maintains AC and DC voltages and power transfers within
designated parameters and autonomously responds to load
variations and contingencies, stabilizing the grid of grids.
This approach enables energy exchange between the two
ports without explicit mode switching or role designation.
Therefore, the hybrid control strategy proposed in Section VI
operates on top of this DP-GFM framework, and controls
the switching between GFL and GFM behavior as a function
of the grid SCR, while maintaining bidirectional power
support across both ports. This is possible by adjusting the
power injection autonomously to stabilize the MMC internal
energy [28].

Using the phase angle generated as in Fig. 4, the state
space equations representing the DP-GFM control equations
for the outer loop depicted in Fig. 5 state space equations of
the DP-GFM control strategy, and the inner loop state space
equations are:

Evoa =Via—Voa.  Evg,=Vi,— Ve (11a)
Ew=W*—W, &y =—(Ppc—Px)  (11b)
Evgs = Kpp(P* — P) + Ve — Vinc (11¢)
+ Kpw(—Ppc + Pac) + Kpy(W* — W),

Véa =K% Evgy + Ky évg,, (11d)
Vg = Krms (Vins = Vims) - (11e)

VOLUME 14, 2026

From the inner control loop depicted in Fig. 6, the
following equations can be derived:

iEA = K;’lGFM (VC*;d - VGd) + KIdGFM‘i:VGd

— wC, (vgq - VGq) + GV, (12a)
. GFM GFM
izt = K™ (VS = Vaq) - K™,
+wC,y (Vig — Vad) — 0CVEy, (12b)
T
Ax = [gVde fch] ) (12C)

which combine the inner loop and outer loop state space
equations of the GFM control strategies, so that we get new
state space matrices:

i _IL%’E —WGFM 0 0
RﬂC
A = | WGFM —1:22 0 0 ,
0 0 K{GEM 0
L0 0 o -k
(13)
1
& O 0 0
0 4 0 0
B = Lg , (14)
0 0 —KgGFM —wC,
0 0w KM
[0 0 0 0
0 0 0 0
G=10 0 0 ol (5)
0 0 -G, 0
. . T
Ax(k) =13, i, Evees Eve, | (16)
_ T
Vira = Vads Vi = Vogr (Vi — Vaa)
Au(k) = i
i VGq —Vgq
amn

T .
the state Ag(k) = [0,0, V¢, Vc*;q] , is a constant, a set-
point.

V. INFLUENCE OF SCR

The SCR of the equivalent grid connected to the MMC
converter station at the PCC is modeled according to
IEEE519-2014 [29]. IEEE519-2014 defines SCR as the ratio
of short circuit current to that of load current at the PCC,
which is further simplified below [30]:

X, = ! L, = X
& SCR’ 82 (f)

(18)

To show the theoretical link between the SCR and the
change in steady-state operating points. Here is the theorem,
with the accompanying proof.

Theorem 1: Under steady-state conditions and assum-
ing a Thevenin equivalent model for the grid with
impedance Z, = Ry + jwLg, the steady-state converter
current components in the synchronous reference frame are
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given by:
ideal ideal
& _ R+ R)vma — V™) + o(Lig + Le)(vmg — V‘qua )
d (R+ Re)? 4+ (L& + Ly)?

_w(Lgccl + L) (vma — Vcigla?al) + R+ Ry)(vumg — Vgiqeal)
(R + Rg)? + (L3 + Ly)?
and they are directly adjusted based on the grid impedance

value.
Proof: Using and re-writing equation (1), we get:

A
ip =

diy
vwa = Ri5 + L;‘fld—;l — wL&il + Vo, (19a)
A
74N ac dl‘l ac;A
vmg = Rig + Leq? + wlegiq + Vag- (19b)
. . . dif  dif
Assuming steady-state conditions (i.e., -+ = —& = 0), the
d-q axis equations become:
vma = Ri§ — 0L & + Vou, (202)
vitg = RiB + oL¥ i} + Vg, (20b)

The AC grid is modeled as a Thevenin equivalent with
impedance Z, = R, + jwLg. By incorporating the grid
impedance, the effective voltages as experienced at the PCC
are given by:

Voa = Vi — Ry i — wLyid, (21a)
Vag = VS — RyiB + oLy i (21b)

Substituting these into the original converter equations
gives:

vmd = R+ R) i — (L + Ly) i + Vsl (22a)
g = R+ Ro) i + oLl + Ly)if + Vi, (22b)

By defining A = R+ Rg, and B = a)(Lé‘fl + Lg), the the
steady-state currents are:

—  AOma = VEFD + Bmg = VS

A

iy = IR (23a)
= —BOMs = VEFD + Aug — Vi)

i5 = e . (23b)

Substituting back the full expressions, we arrive at:

R+ R)(ma — VIS + (L + Lo)vagg — VS

A
i )
d (R4 Re)? 4+ (L& + Ly)?

(24a)
=~ +Le)(vma — Vi + R + Ry — V™
%= ,

4 (R + Rg)2 + wZ(Lg((]: + Lg)z

(24b)

which completes the proof. 0

This theorem shows that the grid impedance is related to
the steady-state values of the dq-component of the converter
currents, i.e. iﬁ’ e As a consequence, by using PLF, we do not
need the SCR estimator, as the dg-current errors are used in
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FIGURE 5. Outer control loop for DP-GFM control. Note: Kp,, denotes
gain, while PD represents a proportional differential controfler with Kp,,
and Kp,, being proportional and differential gains, respectively.
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FIGURE 6. Modified DP-GFM control strategy with virtual capacitance.

the states and not the states on their own. Therefore, the SCR
change will influence the steady-state values directly without
applying any calculation or estimation.

VI. PLF-BASED HYBRID CONTROL METHODOLOGY

The PLF framework provides a unified stability analysis tool
for systems represented as a convex combination of multiple
linearized subsystems, wherein each subsystem corresponds
to a specific operating mode (GFL and GFM) [18], [31].
A PLF ensures that the Lyapunov function remains positive
definite for all vertices of the convex hull. This allows the
stability of the overall hybrid system to be assessed even
when switching occurs between control strategies [32]. The
PLF-based switching framework divides the state space into
multiple convex regions (in this case, two), each associated
with a locally valid Lyapunov function. The switching law
ensures that the system trajectory always evolves within

VOLUME 14, 2026
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FIGURE 7. Polytope representation of the switching, where S1 and S2
represent the two states.
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FIGURE 8. SCR change with GFL control described in Section III.
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FIGURE 9. SCR change with DP-GFM control described in Section IV.

the union of stable subregions, thereby maintaining overall
Lyapunov stability. As illustrated in Fig. 7, the system
transitions from region S1 to S2 when the trajectory of
the dq current errors crosses the boundary defined by the
PLF hyperplanes. This transition represents a stability-driven
control adaptation rather than a heuristic threshold-based
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FIGURE 10. SCR change with HCS control described in Section V.
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FIGURE 11. SCR change with GFL control described in Section III.
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FIGURE 12. SCR change with DP-GFM control described in Section IV.
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FIGURE 13. SCR change with HCS control described in Section V.

switching. Here, it is considered that the steady-state values

of the states of the state-space equations are denoted by XGrL

and XgpMm. Thus, state variables for GFL in equation (9)
T

- A A £ =
control are as: XGpL = [zd g Epes Evie ] . The values of

EPM and Evac are equal to zero, as the steady-state value of the
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FIGURE 15. Phase portrait for DP-GFM control for the SCR change shown
in Fig. 9.
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FIGURE 16. Phase portrait for HCS control for the SCR change shown in
Fig. 10.

errors is 0. Therefore, the values of Epac and ?VaC are constants
(Ci).

A T
XGFL = [iﬁ, iqA, Cp,., CVac] . (25)
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FIGURE 18. SCR change with DP-GFM control described in Section IV.
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FIGURE 19. SCR change with HCS control described in Section V.

Similarly, for GFM control state variables are Xgpm =

T .
A=A - = = =
[zd s g Evgys EVG‘IL and the values of §y,, and “EVGq are
equal to zero, since the steady-state value of the errors is 0.
The values of § v, and § Vg, are constants (C;). Furthermore,

VOLUME 14, 2026



IEEE Access

R. K. Tarcar et al.: SCR Independent Polytopic Lyapunov Control for MMC HVDC Networks

SCR 4 SCR 2.5 SCR 4 N ~
0.1 S T Z= Polytopic level sets
03K RSN SCR2.5104
— SCR41t02.5
=
e 0 ]
5
5
© 0.1 E
8 _‘[FJ
S—
02 I A M H A
0 2 4 6 8 10 12 14

Time [s]

FIGURE 20. SCR change with GFL control described in Section III.

SCR 4 SCR 2.5 SCR 4
_ 01 fff . FIGURE 23. Phase portrait for GFL control for the SCR change shown in
E —— Fig. 17.
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FIGURE 21. SCR change with DP-GFM control described in Section IV.
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FIGURE 24. Phase portrait for DP-GFM control for the SCR change shown
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FIGURE 22. SCR change with HCS control described in Section V. where A;, forj e GFL, GFM , is the same as in (7) and (13 ,
J
respectively, and, B; = A;X; + Bj is:
the steady-state values for GFM are: - REG-A -A 1 (A
_rggld — C()GFqu + L—ggl (VMd - VGd)
— _[=a -2 26 - _Ri‘cl;A_i_w ZA+L VA _y
XGEM = | iy, iy, Cvgys Cvg, (26) BorL = | TI&la GFLlq T Tz \YMg — VGa) || (29)
P
. . . K] “Cpy
Now, let us define the system variables around its steady KV o
state as y = x — X, which for the GFL and GFM controls are: - 1 Vae
A A A A and
i —1i i —i
d i a % R -A A
A A __ﬂ_' _ = L A
yerL=| ‘¢« “'a |, yoem = lq T4 . 27 Ixla — @GRMIg F LE (Vhta — Vaa)
%_Pac - CPac Vea — CVGd — qu ZA <A 1 ( A )
— el 0] i = (v, — Vi
&y, — Cv, £vg, — Cvg Bopm = | ~1g'a T @Gl + g \Viag — VGa) | 30)
ac ac q q KdGFM CV
1 Gd
i i GFM
To be able to incorporate these changes in the system of i _ Klq Cvg,

ordinary differential equations describing the operation of
GFM and GFL controls, the following change of variables

is applied

The polytopic Lyapunov function is defined using the
infinity norm on the first two variables because, in this article,
. — the effect of the other two states is not considered, and they
Vi = Ajlx = X) + AX + Bj = Ajy; + B), (28) do not contribute significantly to the behavior of the control
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FIGURE 25. Phase portrait for HCS control for the SCR change shown in
Fig. 19.
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FIGURE 26. Comparison between Sliding mode control (dotted) and HCS
(solid).
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FIGURE 27. Comparison between Sliding mode control (dotted) and HCS
(solid), dq currents.

strategies. Thus, the Lyapunov function is selected as:

Vo) = max lkil. v = ligig]" G

ie{l
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where i € I = {GFL, GFM}. Then the polytope, as seen in
Fig. 7, is defined as: Then the polytope is defined as:

P={yeR2:|kiyi|§ 1, ie{l,Z}}. (32)

Thus, the switching law governing the system is:

q
0 if g = 1and kiy; > 1,
=1{0,1} ifge{0,1}and — 1 < k;y; < 1, ief{l,2}.
1 ifq:Oandkiy,' < -1,
(33)

Based on the previous derivation, we can define the
following theorem.

Theorem 2: The overall HVDC system, which is switch-
ing between the GFL and GFM control modes, is globally
bounded and asymptotically stable for a polytopic Lyapunov
function defined in equation (31) that decreases along the
system trajectories outside a defined polytope (32), if the
values for coefficients kgrr.-grm,; > 0.

Proof: The proof is as follows.

Since the Lyapunov function is not differentiable every-
where (owing to the infinite norm and switching between
controllers), we first show that the time derivative is negative
where it exists and outside the polytope P. Filippov calculus
can be applied at points of non-differentiability due to the
intersection of controller switching, but for simplicity and
insight, we first examine the classical time derivative.

Let j = arg max;e(1,2) |k;yi| be the index of the active term
in the Lyapunov function. Then, the Lyapunov derivative is:

V(y) = kiy; sgn(k;y),

where y; is the j-th component of the GFL or GFM mode
system dynamics. The sign function ensures the correct
directionality of growth or decay. To guarantee the desired
performance at the polytope facets, the coefficients k;
must satisfy the maximum allowed error values [17]. The
reciprocal of these facets also acts as the stability margins of
the control modes:

ki =:I:|y,'|orl =:|:L (34)
ki Lyl
Therefore, for GFL control, we have:

1 4 1 ’ 1 4 1 . 65)

kerLa s~ karLe s -3

And for GFM:

L

kGrMm, 1 & — Z§| kGem,2 |is — quI

Now, we analyze the system for four distinct cases: each
control mode and dominant variable combination.
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A. CASE 1: GFL MODE, Kgf; 1 ACTIVE (DOMINANT 1)

VGEL(Y) = —kGFL.1 (AGFL(L 1:4)y+ EGFL(U)
. ac 1
V(y)=—kgFL,1 (—L—chliﬁ - wGFLi‘?‘i‘F(V[%[d - Vg))-
€q eq
For V(y) < 0, we require:
g !
L—agiﬁ + CUGFLiqA < F(V’%’d —v9),
€q €q
Given that VIAW - vg > 0, the relation holds only when
kGFL,l > 0.

B. CASE 2: GFM MODE, Kgey,1 ACTIVE (DOMINANT 1)

VoEm(Y) = ke, 1 (AGFM(L 1:4)y +§GFM(1>)
V(y)=k —RiagiA —w z'AJri(vA —v9)
=kGFM.1 L d GEMI, L md—Vd) |
leading to:

ac
1
eq .A A A G
ﬁ’d + wGEmi,; > ﬁ(VMd —Vg)s
€q €q
Given that vf,ld — vg < 0, the relation holds only when

kGFM,l > 0.

C. CASE 3: GFL MODE, Kgr, ; ACTIVE (DOMINANT 13)

VarL ) = —korr.2 (Acr (2, 1: 4)y + Bor.(2)

ac
eq .

. R
V() =—kGrL,2 (——qlA

1
A A _G
Tac wGELlg + 725 Wig=vy) |-
eq eq

Given that VIAW — vg > 0, the relation holds only when
kGFL’Q > 0.

D. CASE 4: GFM MODE, Kgpy, 2 ACTIVE (DOMINANT 1})

vWGEM(Y) = kGrm.2 (AGFM(Z 1:4)y+ EGFM(2>)
. R% 1
V(y)=kgrm,2 (—L—a(cliﬁ + wGrmiy + ﬁ(vﬁq—vg)) ,
eq eq
Given that V/%[d — vg < 0, the relation holds only when
kgrm,2 > 0. [l
For all the cases mentioned in Theorem 2, the argument is
further solidified by substituting the numerical values from
Table 2, leading to the expressions:
o Case 1: 0.02i5 + i} < 0.5246,
o Case 2: 0.02i + iq2 > —1.307,
o Case 3: —0.02i2 + i3 > —5.033,
« Case 4: —o.ozé +i4 < 1.652.
By observing all polytope facets, we can conclude that
conditions for coefficients are as stated in the theorem text,

VOLUME 14, 2026

kGFL,l = 6.667, kGFL,Z = 12.5, kGFM,l = 5.882, and
kcrm,2 = 10. )

To conclude, in all cases, the time derivative V(y) is
negative when the system is outside the polytope P. The
switching law ensures that switching occurs only when
crossing the boundary of P, thereby steering the system back
inside. Inside P, V (y) remains bounded. Therefore, the overall
hybrid system is globally bounded and asymptotically stable
under the switching strategy.

One can note that the derivative of the PLF with respect
to time is negative outside the region of the polytope P.
Checking the behavior of the system on the switching
hyperplanes where the derivative of the PLF does not exist is
crucial for the overall system stability, which can be carried
out using the Filippov Criterion [33], [34]. By calculating
all the possible facets of the polytope, (%) for the control
strategies based on the values of MMCs given in Table 1,

we obtain for GFL: kG;u = 0.15, kG;LZ = 0.08 and for
GFM: —L— =0.17, L_ — 0.10. The difference in the
kGEM, 1 kGEM,2

values of k; and k, is considered to be the buffer zones. It is
worth noting that the proposed switching law is not a heuristic
criterion but follows directly from the feasibility region of the
polytopic Lyapunov function (PLF). Each controller (GFL
or GFM) only admits a valid Lyapunov function within a
specific SCR-dependent domain. When the operating point
leaves this feasible region, the Lyapunov inequality is no
longer satisfied, indicating that stability is uncertain. The
hyperplanes, therefore, act as stability boundaries, ensuring
that switching occurs only when required to preserve system
stability. From a physical perspective, this corresponds to the
transition between PLL-induced instability under weak SCR
(favoring GFM) and adverse control-grid interaction under
strong SCR (favoring GFL).

VII. RESULTS
The validation of the proposed HCS is carried out on the
onshore converter MMC 4 of the HVDC system illustrated
in Fig.1. MMC 4 is directly connected to the AC grid,
making it the most relevant point for assessing the impact
of the grid-strength variations on converter stability and
control performance. The remaining converter terminals are
maintained in steady-state operation to provide DC-link
support and balanced system conditions. This approach
isolates the influence of grid SCR variations on the local
converter dynamics and provides a clear evaluation of the
proposed control switching behavior. Table 2 summarizes
the MMC setpoints and simulated values used for obtaining
the results in a real-time environment in RSCAD. These
parameters were selected following standard MMC tuning
practices [18]. The proposed PLF-based switching frame-
work inherently guarantees stability across the polytope of
operating states, making the method less sensitive to small
parameter perturbations.

Figs. 8, 9 and 10, show the behavior of the implemented
control strategies when the SCR is changed from 7.5 (strong
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TABLE 2. MMC setpoints and simulated values.

Quantity Value Quantity Value
P~ T000MW Vaus 400kV
LE 0.15pu R 0.0034pu
GFL, V¥ 0.787pu GFL, VM 0.787pu
GFL, V, 0.63pu GFL, V, 0.032pu
GFL, i% 0.59pu GFL, i} 0.06pu
GFL, iy 0.59%u GFL, i, 0.06pu
GFL.K/ 0.2s GFL.K, * 0.25s
GFL.K}* 0.1pu GFL.K,* 0.09pu
GFM, V¥ 0.65pu GFM, V1 0.6852pu
GFM, V, 0.454pu GFM, V, 0.933pu
GFM, i; —0.11pu GFM, E —0.136pu
GFM, iy —0.10pu GEM, i, —0.139pu
GEM.K/GF™™M  0.465 GFM,K ™ 0.49s
GFM,KASF™M  0.21pu GFM,K(;Z/GFM 0.15pu
GFM,Kp, 0.11pu GFM, K/ ™M 0.13pu
GFM, K}y 6™ 0.09s GFM, KPP 0.15pu
GFM,K PP 0.21s GFM, Krms 0.13pu

grid) to 1.5 (weak grid), and then back to 7.5 (strong grid).
Figs. 11, 12 and 13 show the behavior of the dqg-current
signals (ig,4) for the said SCR change. Figs. 14, 15 and 16
show the phase portraits of the dq-current error signals
(eaq = if, — i5%) for the same SCR change. Figs. 8a,
9a and 10a, show the Vrms and Vpe converter voltages for
when the SCR changes. Figs. 8b, 9b and 10b, portray the
active (P) and reactive (Q) powers generated/absorbed by the
MMC when the SCR changes occur. In Fig. 8, it can be seen
that when the converter is connected to a strong grid, the
GFL control strategy operates as expected, and the signals
operate at their steady-state values. However, when the grid
SCR is reduced, GFL is unable to maintain the steady-state
values as the PLL is unable to function properly. This can be
further explained by Fig. 14, which shows that when the SCR
changes from 7.5 to 1.5, the error signals stray away from
the origin and go towards the outer edges of the polytopic
level sets where the control is borderline-unstable; it is then
brought to below the levels sets (near the origin of the graph)
when the SCR changes from 1.5 to 7.5. This is similarly
evident from the time series plot of the dq-currents in Fig. 11.
In Fig. 9, it can be seen that when the converter is connected
to a strong grid, all the signals except the reactive power (in
Fig. 9b) are at their expected operating set points. The reactive
power is generated/absorbed by the converter to compensate
for the lack of synchronization between the power angles of
the AC grid and the angle generated by the GFM control
strategy [35]. Fig. 15, shows that when the SCR changes to
1.5, the change in Q and VRrus, causes the phase portrait of
the current errors to move away from the origin but still well
below the last level set, keeping the system in the stable zone.
A similar trend can be seen from the time series plot of the
dg-currents in Fig. 12. In Fig. 10, it can be seen that the HCS
outperforms both GFL and GFM control strategies. The HCS
seamlessly switches between the control strategies when the
grid SCR changes to take advantage of GFL for strong grid
conditions and GFM for weak grid conditions. Fig. 16, shows
that the HCS has the most stable phase portrait of current
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errors as the trajectories are around the origin for both SCR
changes and well inside the level sets, indicating that the
system is stable. The time series plot of the dg-currents in
Fig. 13 also illustrates this behavior.

Figs. 17, 18, and 19, show the behavior of the implemented
control strategies when the SCR is changed from 4 (relatively
stronger grid) to 2.5 ( relatively weaker grid), and then back
to 4. Figs. 20, 21 and 22 show the behavior of the dq-current
signals (ig 4) for the said SCR change. Figs. 23, 24, and 25
show the phase portraits of the dg-current error signals for
the same SCR change. Figs. 17a, 18a and 19a, show the
VrMs and Vpc converter voltages for when the SCR changes.
Figs. 17b, 18b and 19b, portray the active (P) and reactive
(Q) powers generated/absorbed by the MMC when the SCR
changes occur. In Fig. 17, it can be seen that when the
converter is connected to a grid with SCR 4, the GFL control
strategy operates as expected, and the signals operate at their
steady-state values. When the grid SCR is reduced (to 2.5),
GFL is still able to maintain the steady-state values of the
electrical quantities, but the SCR change results in noticeable
transients in Vrys and Q as can be seen in Fig. 17. This can be
further explained by Fig. 23, which shows that when the SCR
changes from 4 to 2.5, the error signals stray away from the
origin and go towards the farther polytopic level sets where
the control is borderline-stable; it is then brought to below
the levels sets (near the origin of the graph) when the SCR
changes from 2.5 to 4. This is similarly evident from the time
series plot of the dg-currents in Fig. 20. In Fig. 18, it can
be seen that when the converter is connected to SCR 4, all
the signals are at their expected operating set points. Fig. 24
shows that when the SCR changes to 2.5, there is a very
slight dip in Q, causing the phase portrait of the current errors
to move away from the origin but still well within the first
level set for the most part, keeping the system in the stable
zone. A similar trend can be seen from the time series plot
of the dg-currents in Fig. 21. In Fig. 19, it can be seen that
the HCS outperforms both GFL and GFM control strategies.
The HCS seamlessly switches between the Control strategies
when the grid SCR changes to take advantage of GFL for
strong grid conditions and GFM for weak grid conditions,
avoiding the sharp transients as seen in Fig. 17, and having
relatively less sharp peaks than in Fig. 18. Fig. 25, shows that
the HCS has a more relatively stable phase portrait of the
current errors as the trajectories are around the origin for both
SCR changes and well inside the level sets, indicating that
the system is stable. The time series plot of the dq-currents in
Fig. 22 also illustrates this behavior. To further validate our
HCS against other controllers, we have implemented Sliding
Mode Control (SMC) as modeled in [36]. Figs. 26 and 27
show the comparison between SMC and HCS when the SCR
is changed from 7.5 (strong grid) to 1.5 (weak grid), and
then back to 7.5 (strong grid). As shown in Fig. 26, the HCS
outperforms the SMC in low SCR scenarios. Fig. 27, shows
that the dq currents under Sliding Mode Control (SMC)
exhibit persistent oscillations. Although the magnitude of the
tracking error remains small, these oscillations are tolerated
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by the system, indicating a borderline stable behavior. This
persistent oscillatory response highlights one of the inherent
drawbacks of SMC, namely the presence of chattering and
sustained switching activity even near the desired operating
point.

VIil. CONCLUSION

This research presents a hybrid control strategy that enables
seamless transitions between GFL and GFM control modes to
enhance the system performance through state hyperplanes.
The proposed HCS is inherently a large signal stable,
based on PLFs, allowing seamless transitions between the
control strategies in response to changes in grid SCR. This
research harnesses the merits of both GFL and GFM control
strategies and demonstrates the robustness of the proposed
methodology. By combining two control strategies with a
switching rule, the HCS forms a nonlinear control system that
is more responsive than conventional linear approaches. This
HCS achieves the intended control objectives and enhances
system resiliency and flexibility. Its effectiveness is validated
through real-time simulations in RSCAD, demonstrating its
practical relevance in HVDC for scenarios requiring high
adaptability and dynamic performance. Future work will
focus on extending this study through a detailed quantitative
benchmarking of the proposed HCS against established con-
trol methods, such as sliding-mode and self-synchronization
strategies, to further substantiate its practical and dynamic
advantages. A comprehensive robustness analysis under
parameter and measurement variations, as well as across
a wider range of operating conditions (including SCR
variations and transient disturbances), will also be carried
out. In addition, explicit PLL dynamic modeling will be
incorporated to further enhance the accuracy and generality
of the stability assessment.
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