Stability Enhancement of Multi-Infeed HVDC

Systems Using Grid-Forming Control under Weak
Grid Conditions

Muhammad Fawad!2, Akansha Garg2, Mohamed Galeela??, Chuanyue Lil, Jun Liang1

1School of Engineering, Cardiff University, Cardiff, GB
2Energy Networks, TNEI Services Ltd, Manchester, GB
3Electrical Power Engineering Department, Cairo University, Egypt

Abstract—This paper addresses critical stability challenges in
multi-infeed voltage-source converter high-voltage direct current
(VSC-HVDC) systems integrating offshore wind under weak-
grid conditions. Through rigorous analytical modeling and elec-
tromagnetic transient (EMT) validation, we demonstrate that
grid-following (GFL) converters exhibit fundamental instability
during short-circuit ratio (SCR) reduction, with critical conjugate
eigenvalue pairs migrating to the right half-plane. In contrast,
grid-forming (GFM) converters maintain robust stability through
inherent voltage-source behavior and droop control mechanisms.
Hybrid GFL-GFM multi-infeed system reveals that GFM in-
tegration fundamentally transforms system dynamics, shifting
critical poles from unstable right-half-plane positions to well-
damped left-half-plane locations. This stabilization capability is
critically governed by electrical distance, with GFM providing
effective support across moderate separation distances under
SCRe [2,3], while closer proximity becomes essential under
severe grid weakness (SCR~1) to maintain adequate stability
margins. These findings establish GFM control as indispensable
for offshore HVDC resilience and provide fundamental insights
for converter placement strategies and system planning under
N-1 contingency scenarios.

Index Terms—HVDC systems, offshore wind integration, GFL,
GFM, weak grid stability, SCR, multi-infeed HVDC

I. INTRODUCTION

The global expansion of offshore wind generation, coupled
with conventional synchronous generator retirements, is ac-
celerating voltage-source converter high-voltage direct current
(VSC-HVDC) adoption for bulk power transmission and asyn-
chronous interconnection [1], [2]. While VSC-HVDC systems
offer enhanced controllability, their dynamic performance un-
der weak-grid conditions presents fundamental stability chal-
lenges. The short-circuit ratio (SCR) serves as the critical grid-
strength indicator: diminishing SCR reduces electrical stiffness
and exacerbates adverse converter-grid interactions, pushing
conventional control architectures to operational limits [3], [4].

The prevailing grid-following (GFL) paradigm employs
phase-locked loop (PLL) synchronization from measured ter-
minal voltages. Under low SCR conditions, PLL dynamics
interact with inner current and outer power control loops,
introducing negative damping and precipitating oscillatory
instabilities that compromise system security [3], [5]. Con-
versely, grid-forming (GFM) converters establish voltage and
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frequency, typically through mechanisms P—w droop mech-
anisms, functioning as voltage sources behind impedance.
This architecture inherently enhances angle stability, provides
frequency support, and demonstrates superior robustness to
grid impedance variations, making it particularly suited for
weak-grid, high-renewable systems [6].

Modern offshore integration increasingly employs multi-
infeed HVDC topologies where multiple converters share a
common coupling point (PCC) through parallel AC corri-
dors [7]. These configurations, often resulting from phased
development, introduce significant dynamic cross-coupling.
Contingencies such as AC corridor loss instantaneously reduce
effective SCR, altering impedance characteristics and ampli-
fying control interactions across the PCC.

This paper analyzes multi-infeed HVDC stability under
SCR reduction due to AC line outage. Small-signal models of
GFL and GFM converters are validated with EMT simulations,
and eigenvalue migration in hybrid GFL-GFM operation is
examined, showing critical modes shifting from RHP to LHP.
The impact of electrical distance and GFM support on adjacent
GFL terminals is quantified, providing guidance for control
coordination and offshore grid planning.

II. MULTI-INFEED HVDC SYSTEM DESCRIPTION

The studied network (Fig. 1) consists of two parallel
4320 kV VSC-HVDC links with cable lengths of 150 km
(Infeed I) and 100 km (Infeed II), transmitting offshore wind
power to a common onshore PCC. Key components relevant
to the stability analysis are described here, while detailed
parameters are listed in Table 1.

A. System Configuration and HVDC Links

Offshore converters (Stations II and IV) connect aggregated
wind farms via passive LC filters, with pre-insertion resistors
for controlled energization. Onshore, Station I is directly con-
nected to the PCC, whereas Station III is linked through series
impedance (Rs_111, Ls—111) to create electrical separation and
enable multi-infeed interaction analysis. Offshore converters
regulate DC voltage, while onshore units control active power,
forming a structured framework for stability assessment under
varying grid strength.



Converter Station — 11

Filter

Lir Ry

T(u

GFL
GFM

£320 kV

<) HVDC Cable [}

S I C
100 km

(Infeed - T)
Converter Station — 1

(Pa. Control)

(Infeed - 1)
Converter Station — 111

(Pac Control)

R Lt

(rT

Fig. 1. Two-infeed VSC-HVDC system with asymmetric onshore connections and parallel grid ties.

TABLE I
COMPREHENSIVE SYSTEM PARAMETERS FOR MULTI-INFEED
VSC-HVDC CONFIGURATION

Parameter Symbol Value
AC grid voltage (LL, rms) Vac 400kV
DC pole voltage \%5Ye] +320kV
Upper HVDC cable length Le,up 150 km
Lower HVDC cable length Lo 100 km
Grid upper/lower line resistance Rr1v = Rr1-1L, 7.96 Q
Grid upper/lower line inductance Lt v = Lrr1 0.2533 H
Station III tie impedance to PCC ~ Rs_y11 + jXLs_111  2.5+j7.85 Q
DC capacitor (Station I / II) Cac—1 = Cgc—_11 500 uF
DC capacitor (Station III / IV) Cac—111 = Cdc—_1v 350 uF
Pre-insertion resistor Rpre—1 = Rpre—11 25Q
Offshore line resistance Ro_1 = Ro_11 559 Q
Offshore line inductance Lo_1=Lo_11 0.05 H
PLL PI Proportional gains kpo 890
PLL PI Integral gains kio 400000
Outer Power PI gains (GFL) kpp ! kip 0.01 /100
Inner Current PI gains (GFL) kpi | ki; 0.5 /500
Outer PI gains (GFM) kpo 1 kiy 2 /1000
Inner PI gains (GFM) kpi | ki; 2 /3500
GFM active-power droop kp_1 3%

B. AC Grid Strength and Contingency Scenario

The onshore grid is modeled by two parallel R—L corridors.
An N-1 outage at ¢ = 3 s disconnects one line, reducing the
SCR from =4 to ~2.

C. Converter Control Strategies

This study assesses two onshore control strategies under
weak-grid conditions: (i) GFL control with PLL-based syn-
chronization and cascaded power-current loops, and (ii) GFM
control based on P—w droop to set voltage and frequency while
tracking active power. Both an all-GFL and a hybrid GFL-
GFM configuration are analyzed. Corresponding small-signal
models and eigenvalue analysis (Section III) provide the basis
for multi-infeed stability evaluation.

III. MODELLING AND STABILITY ASSESSMENT OF GFL
AND GFM CONVERTERS

This section presents analytical models of onshore con-
verters to capture dominant active-power synchronization dy-
namics under variable grid strength for both GFL and GFM
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controls, supporting eigenvalue analysis. Model accuracy is
verified against EMT simulations of the single-infeed system
(Fig. 2). The PCC network is represented by an equivalent
Thévenin impedance (R4, L,), where symmetric parameters
yield Ry, = Rri—u/2 and Ly = Lrr,_y/2, allowing direct
emulation of SCR variation via L.

A. GFL Converter Model

The onshore GFL converter is modeled using the control
structure shown in Fig. 3. The converter dynamics are captured
by the state-space representation [3], [8]:

d[ig] 2= 0|TJig] , [&= O
% |:Zq:| = — 0 % iq + 0 i (qu - VPCC)v
(1)

with Ryot = R1 + Ry and Loy = L1 + L. The inner current
controller is

ug,(s) = (km- + ks) (15— iaq), )

yielding the closed-loop transfer matrix:
Aig(s) = Gi(s) Aig(s) 3)
Ginner (s) pio + ki )

B Liot$? + (Riot + kpi) s + kii
Around vy ~ 0 and ig ~ 0, AP ~ 3V; Aig, and the outer
active-power PI is
" ki .
AZd(s) = (kpp + Sp) (A convfl(s) - APCOTW*I(S)) .
)]
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Fig. 2. Single-infeed test configuration for GFL/GFM controller validation
under variable SCR.




The synchronizing-loop (PLL) small-signal model intro-
duces the angle state Af and integrator state Ay:

A= Aw, Aw=kyAvl +kigAly, Ay = A, (6)

with the linearized frame coupling at (vq =~ 0, vgo = Vg):

Al ~ Avg — Vi AW )
Eliminating Aw and A&y gives
A@(S) k'pgs + ko
P(s) = = , 8
() Avgy(s) Dy(s) ®
Dy(s) = 8% + Vakpas + Vikie. 9

Under weak-grid conditions, the g-axis PCC voltage pertur-
bation is coupled to injected d-axis current through the induc-
tive drop, Av,(s) ~ —woL, Aig(s), and the corresponding
first-order power perturbation in the rotating frame can be
expressed as AP = %Vd (Aig + I5A0). Substitution yields

3 »
AP.onv—1(8) = <2Vd Gi(s)> [1 — woLglaoP(s)Aiy(s).
(10)
Hence the loop gain is

3 ki
L(s) = <2Vd Gi(s)> (k,,p + Sp) [1 —woLylaoP(s)].
Y
and the closed-loop transfer function is
Peonv— L
conv I(S) o (S) (12)

Pc*onv—I(S) B 1 + L(S) .

When the synchronizing-loop bandwidth is high relative to
the outer power loop, Dy(s) > woLglao(kpes + kig) over
the frequency range of interest, so the bracketed term in (11)
approaches unity and (12) reduces to

Pconv—I(S) N(S)

- : 13
Pc*onvfl(s) D(S) ( )

Inner Loop

Outer Loop

Fig. 3. GFL converter control with PLL and cascaded power and current
controller.
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Fig. 4. GFL model validation. (a) EMT vs. full model (300-600 MW step).
(b) Eigenvalues: fast PLL poles vs. dominant power modes. (¢) EMT vs.
reduced model (13) (0-300 MW step). (d) Eigenvalue migration with Lg
showing weak-grid instability.

with
3
D(s) = Lot s° + a2s® + a1s + ag,
where

a2 = R + kpi + %deppkpiv
a1 = ki + SVa(kppkii + kipky:),
ap = 3Vakipki;.

The GFL small-signal model includes PLL dynamics (A6,
A&p) and frame transformation Avf ~ Av, — V4Af. Under
weak-grid conditions, AP ~ %Vd(Az’d + I40A0) couples the
PLL to the power loop. With PLL bandwidth much higher
than the power loop, time-scale separation allows AP to use
a coupling factor ~ 1, enabling a reduced-order model that
removes fast PLL poles while retaining dominant active-power
modes for eigenvalue analysis.

Figure 4 validates the full and reduced models. (a) EMT
response to a 300-600 MW step closely follows the full linear
model (1)—-(12). (b) PLL poles lie deep in the LHP, confirm-
ing faster dynamics than the dominant power-synchronization
modes. (c) The reduced transfer function (13) accurately
reproduces the 0-300 MW EMT response. (d) Increasing L,
shifts the critical mode toward the RHP, explaining damping
reduction and oscillatory instability under weak-grid condi-
tions.

B. GFM Converter Modeling

The onshore GFM control (Fig. 5) uses P—w droop for
active-power synchronization. Small-signal analysis assumes
high-bandwidth inner loops with vpcc = 1 pu and ¢ = 0,
isolating the dominant power—frequency dynamics. Inner loop
poles exist at high frequency in the LHP but do not affect the
main droop eigenvalue governing weak-grid stability.
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Fig. 5. GFM converter control with P — w droop and cascaded voltage and
current controllers.

The GFM converter is modeled as a controllable internal
voltage behind a coupling reactance, following standard droop-
based formulations [9], [10]. Steady-state active power is then
determined by the power—angle relation across this reactance.

Ervg_g

AL 14
Xyt (14)

Peonv—1 = sin 517
where §; £ 6; — 6, is the converter-grid angle, Fr is the
internal emf magnitude set by the voltage controller, vg_ is
the PCC d-axis voltage (pu), and X, ;1 ~wo(L1+Lg) collects

the filter and grid at wy. Linearizing (14) at 69 ~ 0 gives
Ervg_g
Xeqfl ’

with Ks_; the synchronizing (power) coefficient. The P-w
droop and angle integrator are

Aw; = kjp_](AP;

onv—I1

A]Dconv—l ~ Ks—] A(;Ia KS—I £ (15)

APconv—I) ;S A(SI = A(U],

(16)
with k,_; the droop gaig. Eliminating Ad; and Aw; gives the
first-order transfer function

A[)conv—l'(s) _ kp—IKs—I
APc*onv—I(S) S+ kp—IKs—I ,

A7)

with time constant 7 = 1/(k,_;Ks_r). Whose single eigen-
value is Ay = =k, 1K, <O0.

A 300 MW reference step shows that model (17) closely
matches the EMT response, capturing both transients and
steady state (Fig. 6(a)). Eigenvalue analysis under weaker grids
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Fig. 6. GFM model validation: (a) Step response comparison; (b) Eigenvalue
sensitivity to grid impedance.
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Fig. 7. Multi-Infeed GFLs: Converters I and III Active power and Corre-
sponding DC-link voltage.

(Fig. 6(b)) shows that increasing X., lowers synchronization
stiffness K'g, moving the dominant mode A\; toward the origin
while remaining stable. Unlike GFL, the GFM converter
stays stable, with slower transient dynamics as grid strength
decreases.

IV. MULTI-INFEED HVDC DYNAMICS UNDER SCR
VARIATION

This section examines the two-infeed HVDC response to a
severe grid event: at t = 3 s, the lower AC corridor outage
reduces SCR from ~ 4 to ~ 2, increasing PCC Thévenin
reactance and intensifying converter coupling, thereby testing
synchronization stability under weak-grid conditions.

A. Multi-Infeed GFL Instability During Line Contingency

The ¢t = 3 s contingency reduces SCR from 4 to 2,
raising PCC Thévenin reactance and weakening damping of
the dominant modes {2, A3}, determined by the outer active-
power PI and inner current-control interaction with the weak
grid and multi-infeed coupling. This defines a critical boundary
between stability and oscillatory instability.

The instability causes sustained Peony—1 and Peopy—111
oscillations and large V. variations. Eigenvalue analysis con-
firms the dominant mode crosses the imaginary axis under
weak-grid conditions (Fig. 7).

B. Hybrid GFL-GFM Stabilization During Line Contingency

The hybrid system with Converter I (GFL, 300 MW) and
Converter III (GFM, 200 MW) remains stable after the t =
3 s corridor outage (SCR 4 — 2). Stability is supported by
the GFM converter, whose voltage-source behavior and P-w
droop maintain synchronism through internal angle adjustment
(Fig. 8).

The GFM converter provides inherent synchronizing damp-
ing, counteracting GFL negative damping. DC voltages re-
main stable with minimal deviations, and the hybrid setup
prevents the oscillatory instability seen in all-GFL operation,
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Fig. 8. Hybrid GFL-GFM Infeed: Converters I and III Active power and
Corresponding DC-link voltage.
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Fig. 9. Eigenvalue analysis: (a) GFL-GFL vs. GFL-GFM pole migration;
(b) Critical Ly value at SCR=2; (c) Stability boundaries vs. Ls_rs at
different SCR.

highlighting GFM’s role in maintaining stability under severe
grid weakening.

C. Eigenvalue Analysis of Multi-Infeed Stability

Eigenvalue analysis clarifies multi-infeed stability under
SCR reduction. As L, increases, the all-GFL case (x) shows
conjugate modes moving toward the RHP, indicating negative
damping, whereas the hybrid GFL-GFM case (o) shifts modes
deeper into the LHP due to GFM synchronization stiffness and
voltage-source behavior (Fig. 9(a)).

Figure 9(b) shows the impact of electrical distance Lg_jrr
on GFM support under SCR ~ 2. Increasing Lg_;;; weakens
coupling to the PCC, reducing synchronizing stiffness and
damping to the adjacent GFL terminal, reflected by rightward
migration of dominant modes. Beyond Lg_rrr~0.5 H, damp-
ing degrades markedly, indicating the limit of effective remote
GFM support. Nevertheless, stability remains superior to the
all-GFL case due to retained voltage-source characteristics.

Figure 9(c) presents a stability map obtained by sweeping
L, (SCR variation) and Lg_jr; (electrical distance). For
each (Lg7 Lg_111), system eigenvalues are computed. Under
moderate grids (SCR ~ 3), the hybrid GFL-GFM system
remains stable even with large separation. As SCR decreases,
increasing Lg_jr reduces damping and shifts dominant modes
rightward, indicating that effective GFM support requires
closer proximity. In contrast, the all-GFL case becomes os-
cillatory unstable under severe grid weakening.

V. CONCLUSION

This paper quantified the small-signal stability of GFL
and GFM VSC-HVDC terminals under varying grid strength,
validated against EMT. For GFL control, SCR reduction
(increased PCC Thevenin inductance) lowers damping of the
dominant active-power synchronization mode and can drive
the critical conjugate pair into the right-half plane. In contrast,
the GFM droop-synchronization mode remains in the left-
half plane over the same weakening range, exhibiting reduced
bandwidth but no oscillatory instability.

The analysis was extended to a two-infeed HVDC sys-
tem with an N-1 AC corridor outage reducing SCR from
~ 4 to ~ 2. In the all-GFL case, stronger coupling yields
sustained active-power oscillations and large DC-link voltage
excursions, consistent with eigenvalue migration. With one
terminal in GFM mode, the coupled eigenstructure is reshaped,
dominant modes shift to well-damped left-half-plane locations,
and stable EMT recovery is restored.
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Figure 9(c) shows a stability map obtained by sweeping
L, (SCR variation) and Lg_syr (electrical distance). For each
(Lg, Ls_rrr), small-signal eigenvalues are evaluated. With
moderate grids (SCR ~ 3), the hybrid GFL-GFM system
remains stable even at large separation. As SCR decreases, in-
creasing Lg_jrr weakens damping and shifts dominant modes
toward the RHP, indicating that effective GFM support be-
comes distance-limited. By contrast, the all-GFL configuration
enters oscillatory instability under severe grid weakening.
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