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Abstract—Hybrid AC/DC power systems are gaining im-
portance due to the rising penetration of Distributed Energy
Resources (DERs) and the widespread deployment of Voltage
Source Converters (VSCs). Analyzing power flow in such systems
remains challenging due to unbalanced operating conditions,
strong nonlinearities, and strict operational limits. This paper
presents an Adaptive Hybrid Prediction–Correction algorithm
with Trust-Region and Dynamic Line Search (AHPC-TRDLS)
for reliable and efficient load flow computation in large-scale
hybrid systems. The framework couples a Newton–Raphson-
based prediction stage with a Preconditioned Conjugate Gradient
(PCG) correction, bounded adaptively by a trust-region radius.
A dynamic line search mechanism is incorporated as a fall-
back whenever the PCG convergence stalls, ensuring numerical
stability. Additional features include adaptive preconditioning,
enforcement of voltage and reactive power limits, and the use of
symmetrical components for unbalanced system modeling. The
algorithm is implemented in MATLAB and evaluated on different
hybrid AC/DC test systems of varying scales. Case studies
confirm that the proposed approach offers improved convergence,
robustness, and scalability under stressed, ill-conditioned, and
unbalanced scenarios.

Index Terms—AC/DC power systems, prediction-correction,
trust-region, dynamic line search.

I. INTRODUCTION

MODERN power systems are undergoing a rapid trans-
formation driven by the large-scale integration of Re-

newable Energy Sources (RES), the expansion of long-distance
bulk power transfer, and the growing need for asynchronous
interconnections [1, 2]. Hybrid AC/DC networks, enabled by
Voltage Source Converter (VSC)–based High-Voltage Direct
Current (HVDC) technology, have emerged as a key compo-
nent of this transition. VSCs offer bidirectional power transfer,
fast and independent control of active and reactive power,
black-start capability, and compatibility with weak or islanded
grids.

In these hybrid systems, steady-state Load Flow (LF) or
Power Flow (PF) analysis remains essential for operational
planning, stability assessment, and security evaluation. How-
ever, PF computation in AC/DC grids is challenging due
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TABLE I
BUS AND CONVERTER CONTROL MODES OF HYBRID AC/DC SYSTEM

Bus Type Control Mode Known Var. Unknown Var.
AC Slack – |Eac|, ∠Eac Pac, Qac

AC PQ – Pac, Qac |Eac|, ∠Eac

AC PV – Pac, |Eac| Qac, ∠Eac

AC-side
Converter
(ICac)

PQ Pac, Qac |Eac|, ∠Eac

Edc–Qac Qac Pac, |Eac|, ∠Eac

Pac–|Eac| Pac, |Eac| Qac, ∠Eac

DC-side
Converter
(ICdc)

PQ Pdc Edc

Edc–Qac Edc Pdc

Pdc–Edc Pdc Edc

DC PQ – Pdc Edc

DC Volt. – Edc Pdc

to: (i) the coexistence of multiple bus types and converter
control modes (P–Q, Vdc–Q, P–|Vac|, droop, etc.); (ii) strong
nonlinear coupling between AC and DC subsystems via con-
verter equations; (iii) high variability in R/X ratios across
transmission, distribution, and DC feeders; (iv) possible un-
balanced three-phase operating conditions; and (v) the need
to enforce diverse physical limits such as generator reactive
power (Q) limits, converter P/Q capabilities, and DC voltage
bounds [3]–[5]. Table I summarizes the various bus types and
converter control modes commonly found in hybrid AC/DC
PF studies.

A. Existing PF Solution Approaches

PF algorithms for hybrid AC/DC systems are broadly clas-
sified as sequential or unified. In sequential methods, AC
and DC subsystems are solved independently with iterative
exchange of converter boundary conditions [6, 7]. They are
simple and modular but often suffer from slow or unstable
convergence under strong AC–DC coupling, multiple Vdc-
controlling converters, or poor initialization. Enhancements
such as auxiliary states [7] and relaxation factors improve
stability but increase computational effort.

Unified formulations integrate AC, DC, and converter mod-
els into a single nonlinear system, enabling strong coupling
and consistent representation [8, 9]. Key developments in-
clude transformer-like two-port VSC models [10], the Flex-
ible Universal Branch Model (FUBM) [11], AC-equivalent
DC formulations [12], and droop-aware MTDC extensions
[13, 14]. MANA-based approaches [15, 16] extend unified
load flow formulations to DC-distributed networks and mul-
tiphase microgrids, offering the flexibility to represent ar-
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bitrary topologies and diverse component models. However,
challenges persist with numerical conditioning, scalability, and
simplified converter models. Iterative simplifications such as
the Improved Unified Iteration Method (IUIM) [17] reduce
state dimensionality by nearly 80% compared to UIM and
demonstrate real-time feasibility, though at the cost of Q-
flow accuracy and large-network scalability. Equivalent-circuit
approaches [18] capture converter conduction and switching
losses with adaptive step-size control, but require careful
tuning and lack multiphase validation.

More generalized formulations [19] extend Jacobians to
support multiple Vdc-controlling converters and unbalanced
operation, although robustness and scalability challenges per-
sist for unbalanced and ill-conditioned systems. Emerging
approaches such as Multiphase Element-based (MELF) [20]
and holomorphic embedding [21] enhance NR convergence
and initialization-independence, respectively, but remain con-
strained by Q-limit handling and restriction to balanced
steady-state scenarios.

Persistent challenges: Despite notable progress, unified PF
solvers still face several unresolved issues:

• Numerical fragility under ill-conditioned Jacobians, high
R/X ratios, and weak-grid conditions [22]–[24].

• Scalability limitations caused by dense Jacobian fac-
torization and repeated assembly in large MTDC or
multiphase systems [25].

• Instability in limit enforcement, where PV↔PQ,
VQ↔PQ, generator-Q limits, voltage bounds, and con-
verter P/Q curves trigger oscillatory switching or infea-
sible updates [11, 19, 26].

• Convergence degradation in converter-dominated or
unbalanced operation, particularly with multiple Vdc-
controlling interconnecting converters [14, 19].

B. Contributions of This Work

This paper introduces an Adaptive Hybrid Predic-
tion–Correction with Trust-Region and Dynamic Line-Search
(AHPC-TRDLS) algorithm for unified power-flow analysis
in hybrid AC/DC networks. The solver builds upon the
Multi-Phase Trust-Region Prediction–Correction (MPTR-PC)
framework—formulated in this work as a foundational ref-
erence—and extends it into a curvature-adaptive, converter-
aware, and trust-region-regulated architecture that improves
numerical robustness and scalability under nonlinear converter
dynamics and heterogeneous-grid operating conditions.

The main contributions are summarized as follows:
• Unified tri-layer solver architecture: Couples predic-

tor–corrector guidance, adaptive trust-region step bound-
ing, and fallback line-search within a single iterative
loop, ensuring globalized convergence without switching
between solver modes.

• Curvature-adaptive extension of MPTR-PC: Residual-
trend monitoring and curvature-based damping to regulate
step acceptance; the fallback line-search is activated only
when trust-region ratios indicate model unreliability, im-
proving stability over conventional TR–PCG or Newton
methods.

Fig. 1. Flowchart of the proposed AHPC-TRDLS algorithm for unified hybrid
AC/DC power flow analysis.

• Converter-aware adaptivity: Synchronizes PV↔PQ and
VQ↔PQ transitions and enforces Vdc, generator-Q, and
converter-power limits coherently within each iteration.
The converter model is embedded directly into the unified
AC/DC state vector—without auxiliary converter vari-
ables—ensuring coherent numerical treatment of AC, DC,
and converter constraints within the same loop.

• Sparse and scalable correction: Employs preconditioned
conjugate-gradient updates on sparse Jacobians, achiev-
ing improved computational growth validated across
IEEE-30, IEEE-57–14, EPFL µ-grid, and PEGASE-1354
systems.

• Comprehensive benchmarking across heterogeneous sys-
tems: Validated on transmission, distribution, asyn-
chronous hybrid, and large-scale AC/DC systems (IEEE
30, IEEE 57–14, EPFL µ-grid, PEGASE-1354), demon-
strating consistent convergence and 3.9×–25× runtime
improvement over the MATPOWER–FUBM solver.

By coupling curvature-adaptive step control with converter-
coordinated limit enforcement, the AHPC-TRDLS algorithm
provides a unified and scalable foundation for reliable hybrid
AC/DC power-flow computation.

C. Organization of the Paper

The remainder of this paper is organized as follows. Sec-
tion II, Section III, and Section IV present the proposed
methodology, including an overview of the proposed algo-
rithm, the formulation of power flow equations for hybrid
AC/DC networks, and the unified AHPC–TRDLS solution
algorithm that integrates prediction–correction, trust-region
enforcement, and line search techniques. Section V introduces
the case study setup, system models, and simulation condi-
tions. Section VI discusses the numerical results under various
operating scenarios, along with scalability and benchmarking
results for hybrid AC/DC systems. Sections VII and VIII
highlight the potential for real-time and renewable energy
integration, followed by a discussion of limitations and future
scope. Finally, Section IX concludes the paper and outlines
future research directions.
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II. METHODOLOGY

Overview: The proposed AHPC-TRDLS algorithm enables
efficient load flow analysis in hybrid AC/DC grids with
multiple VSCs, unbalanced conditions, and operational con-
straints. As outlined in Fig. 1, the algorithm follows two main
steps: prediction using Newton-Raphson (NR) and correction
using Preconditioned Conjugate Gradient (PCG) within a trust-
region framework. If PCG fails, a dynamic line search ensures
convergence. The iterative process continues until voltage and
reactive power constraints are satisfied. The key components
are:

• Prediction (NR step): Initializes state variables using
a three-phase Newton-Raphson method. The Jacobian
incorporates AC, DC, and VSC subsystems.

• Correction (PCG with trust-region): Refines the predic-
tion using PCG while constraining step size via a dy-
namically updated trust radius. Diagonal preconditioning
improves numerical stability.

• Fallback (Dynamic line search): If the PCG step fails
to achieve sufficient reduction or exhibits stagnation, a
backtracking line search is activated to ensure descent and
maintain trust-region feasibility in ill-conditioned cases.

• Handling unbalanced systems: Unbalanced three-phase
voltages and currents are represented through the Fortes-
cue symmetrical component transformation, which de-
composes phase-domain quantities into positive, nega-
tive, and zero sequence components. This representation
provides a systematic framework for accurately capturing
asymmetries with converter interactions, while preserving
compatibility with sequence-domain PF formulations.

• Adaptive bus and converter control with constraint en-
forcement: The algorithm supports adaptive switching of
bus types and converter control modes to preserve fea-
sibility under diverse operating conditions. For generator
and load buses, PV↔PQ transitions are invoked when
voltage or reactive power limits are dynamically violated.
VSCs’ control mode shifts between PQ and VQ when
their operational constraints are exceeded. In all cases,
the Jacobian and mismatch formulations are consistently
updated to reflect the new classifications, ensuring stable
convergence of the load flow even under challenging
scenarios, such as variability introduced by renewable
generation.

• Scalability and efficiency: Leveraging sparse matrix oper-
ations and iterative solvers, the algorithm applies to large-
scale hybrid AC/DC networks with multiple DERs and
HVDC links.

Fig. 2. General diagram of a hybrid AC/DC system [19].

III. PF EQUATIONS FOR HYBRID AC/DC NETWORKS

Consider a hybrid AC/DC network consisting of N AC
nodes and M DC nodes, with AC/DC converter buses denoted
as (l, k) ∈ Γ, where l ∈ N and k ∈M as shown in Fig. 2.

A. AC Network Power Flow Equations

The AC network power flow equations for each type of bus
are as follows:

(a) For PQ buses:

ℜ

{
Eφ

i

∑
n∈N

Y ∗
ac(i,n) E

φ∗
n

}
= P̂φ

i , i ∈ NPQ (1)

ℑ

{
Eφ

i

∑
n∈N

Y ∗
ac(i,n) E

φ∗
n

}
= Q̂φ

i i ∈ NPQ (2)

(b) For PV buses:

ℜ

{
Eφ

i

∑
n∈N

Y ∗
ac(i,n) E

φ∗
n

}
= P̂φ

i i ∈ NPV (3)

(
Eφ′

i

)2

+
(
Eφ′′

i

)2

=
(
Êφ

i

)2

i ∈ NPV (4)

where P̂φ
i and Q̂φ

i denote the active and reactive power
injections at node i and phase φ ∈ {a, b, c}, respectively.
The quantity Êφ

i represents the nodal phase-to-ground voltage
phasor. The superscripts (·)′, (·)′′, and (·)∗ denote the real
part, imaginary part, and complex conjugate, respectively.
The matrix Yac is the AC network admittance matrix. When
sequences are referenced, they are formed via the Fortescue
transform (Appendix IX-A).

B. DC Network Power Flow Equations

(a) For P-nodes in the DC grid:

Ej

∑
m∈M

Ydc(j,m) Em = P̂j j ∈MP (5)

(b) For V-nodes in the DC grid:

Ej = Êj j ∈MV (6)

where Ydc represents the DC network admittance matrix, and
P̂j and Êj denote the prescribed DC power and voltage
setpoints, respectively.

C. VSC Modeling

VSCs are the controllable interfaces between AC and DC
subsystems and, in Back-to-Back (BTB) configurations, be-
tween two AC areas. In steady state, the VSC model de-
termines which variables are regulated, which balances are
enforced, how losses are placed, and how unbalance is han-
dled. Accurate modeling is therefore essential for: (i) robust
convergence on weak grids (high R/X), (ii) credible results
under unbalanced operation, (iii) proper handling of capability
and Q/|E| limits via bus–type switching, and (iv) coupling of
asynchronous AC areas through a common DC link.
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TABLE II
VSC CONTROL MODES

Mode Constraint 1 Constraint 2 Control Type
1 θsh Eac

2 Pf Qac I
3 Pf Eac

4 Edc Qac II
5 Edc Eac

6 Edc droop Qac III
7 Edc droop Eac

1) VSC Operating Modes: In steady state, the chosen
operating mode fixes which balances are enforced at each
converter’s AC and DC terminals (Table II). The formulation
of the converter power balances adopted here follows the
extended VSC model proposed in [19].

(a) Edc–QacMode: Control objectives: (i) regulate the DC-
link voltage to Êk, and (ii) regulate AC reactive power at bus
l to Q̂l. Power balance at the interface (l, k) ∈ ΓEdcQ

requires

∑
φ∈{a,b,c}

Pφ
l + Ploss(l,k) + Pfilter(l,k) = Pk (7)

∑
φ∈{a,b,c}

Qφ
l − Qloss(l,k) = Q̂l (8)

where subscripts l and k refer to the AC and DC sides,
respectively, and Q̂l is the reactive setpoint. The reactive power
loss across the filter is already accounted for in the VSC
setpoint Q̂l.

i. Balanced: The power is distributed equally across the
three phases:

Pφ
l =

1

3
Pk, Qφ

l =
1

3
Q̂l (9)

ii. Unbalanced (Phase-Locked Loop (PLL) aligned to the
positive sequence): Only positive-sequence power is injected,
as the inner current controllers track the positive-sequence
components. The zero-and negative-sequence components are
constrained at the terminal [27]:

P 0
l = 0, P+

l + P+
loss(l,k) + P+

filter(l,k) = Pk, P−
l = 0 (10)

Q0
l = 0, Q+

l −Q+
loss(l,k) = Q̂l, Q−

l = 0 (11)

with

P+
l = ℜ

{
E+

l

∑
n∈N

Y ∗
ac(l,n)E

+∗
n

}
(12)

Q+
l = ℑ

{
E+

l

∑
n∈N

Y ∗
ac(l,n)E

+∗
n

}
(13)

The DC-side active power is given by

P+
k = ℜ

{
Êk

∑
m∈M

Ydc(k,m)Em

}
(14)

where Êk denotes the DC voltage reference. To ensure zero
homopolar components, either the voltage E0

l or the current

I0l must be zero. For a Voltage Source Converter (VSC), E0
l

is set to zero. Conversely, for a Current Source Converter
(CSC), I0l is set to zero. The same constraint applies to
the negative-sequence component. Using the positive-sequence
components, the DC voltage Êk satisfies:

Ydc(k,k)
(Êk)

2 +
∑
m∈M
m̸=k

Ydc(k,m)EmÊk

−ℜ

{
E+

l

∑
n∈N

Y ∗
ac(l,n)E

+∗
n

}
= 0

(15)

Solving this quadratic equation yields two solutions for Êk,
of which the physically feasible solution is typically close to
1 p.u. [19].

(b) Pac–Qac Mode: Control objective: impose the sched-
uled AC active and reactive power at the converter AC bus l
(optionally per sequence), while the DC side follows from the
power balance, including converter and filter losses.

i. Unbalanced: the zero-sequence voltage is constrained at
the terminal (E0

l = 0). Two practices are supported:

1) Positive-sequence only: set E−
l = 0 and enforce P+

l

and Q+
l as in (16) and (18).

2) Explicit negative-sequence support: enforce both
positive- and negative-sequence components:

ℜ

{
E+

l

∑
n∈N

Y ∗
ac(l,n)E

+∗
n

}
− P+

loss(l,k) = P̂+
l (16)

ℜ

{
E−

l

∑
n∈N

Y ∗
ac(l,n)E

−∗
n

}
− P−

loss(l,k) = P̂−
l (17)

ℑ

{
E+

l

∑
n∈N

Y ∗
ac(l,n)E

+∗
n

}
−Q+

loss(l,k) = Q̂+
l (18)

ℑ

{
E−

l

∑
n∈N

Y ∗
ac(l,n)E

−∗
n

}
−Q−

loss(l,k) = Q̂−
l (19)

ii. Balanced: impose E0
l = 0 and E−

l = 0 and apply the
positive-sequence enforcement only (see (16) and (18)).

The associated DC active-power balance (including the
converter and filter losses) is

P̂l = ℜ

{
Ek

∑
m∈M

Ydc(k,m)Em

}
−Ploss(l,k)−Pfilter(l,k) (20)

Table III summarizes the mapping between converter con-
trol modes and the enforced equations under balanced and
unbalanced operating conditions.

2) VSC Loss Model: For steady-state PF studies, the
AC/DC interfacing converter is represented by a transformer-
like VSC with an RL interface filter and two loss contributions:
an AC-side conduction drop and a DC-side switching loss
source [19].

(a) Detailed (Transformer-Like) Model: The conduction
drop on the AC side is modeled as

Ec(l,k) = Req

(
|Il|

)
Il (21)
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TABLE III
CONVERTER OPERATING MODES AND APPLIED CONSTRAINTS

Mode Balanced case Unbalanced case
Edc–Qac E0

l = E−
l = 0;

enforce Q+
l , Ek

E0
l = E−

l = 0; P+
l , Q+

l ;
zero seq. blocked; negative
seq. suppressed by control.

Pac–Qac E0
l = E−

l = 0;
enforce P+

l , Q+
l

E0
l = 0; P+

l , Q+
l enforced,

with optional P−
l , Q−

l .

Pac–|Eac| E0
l = E−

l = 0;
enforce P+

l , |El|
E0

l = 0; enforce P+
l , |Eϕ

l |;
zero seq. fixed by topology.

Note: Losses are embedded as in (23)–(25).

where Req(·) is the effective IGBT conduction resistance
(possibly current-dependent via data-sheet fits) [19, 28]. The
switching loss is modeled as a DC-side current source:

Isw(l,k) = 2
TON + TOFF + Trr

Ts

1

N
cot

( π

N

)
|Il| (22)

where Ts is the switching period and N = fs/fgrid is the ratio
of the converter switching frequency to the grid frequency. The
parameters TON and TOFF denote the turn-on and turn-off
times of the switches, while Trr represents the diode reverse
recovery time during turn-off.

The total converter loss power follows directly as the sum
of conduction and switching losses:

Sloss(l,k) = Ec(l,k)

∑
n∈N

Y ∗
ac(l,n)E

∗
n + Isw(l,k)Ek (23)

with a purely resistive conduction drop in (21) and steady DC
current in (22), Sloss is real and Qloss = 0.

(b) Aggregate (Quadratic) Model: At the HVDC station
level, losses are often aggregated as

Ploss(l,k) = a+ b |Il|+ c |Il|2 (24)

where a (W) represents no-load and auxiliary losses, b (W/A)
captures switching losses, and c (Ω) reflects conduction losses
[29]. The benchmarking study employs a quadratic loss model
with a = 0.011, b = 0.0034, and c = 0.011 p.u., as defined
in (24) [19, 30, 31].

(c) Filter Loss: For a series filter impedance Zfilter(l), the
active filter loss is

Pfilter(l,k) = ℜ

Zfilter(l)

∣∣∣∣∣∑
n∈N

Yac(l,n) Ēn

∣∣∣∣∣
2
 (25)

(d) Integration of Losses in PF: The terms Ploss and Pfilter

enter the active-power equations (7), (10), and (20), while
Qloss is subtracted in the reactive-power equations (8) and (11)
(and appears on the right-hand side of (18)–(19) accordingly).
If the controller embeds the reactive effect of the filter in Q̂l,
no explicit Qfilter term is added.

D. BTB Interconnection and Multi–Frequency Grids

A BTB station consists of two VSCs sharing a common
DC link and interfacing two AC areas that may differ in

frequency, phase, and grid strength (Figs. 3 and 4). Each
converter synchronizes locally via a PLL and operates under its
assigned control mode (e.g., one in Edc–Qac mode to regulate
the DC voltage Êk, and the other in Pac–Qac mode to schedule
active power transfer and local reactive power support). In
the PF formulation, this appears as (i) two converter equation
blocks (as above) and (ii) shared DC node balances coupling
their active powers (including both converters’ losses), thereby
decoupling AC frequencies while maintaining the scheduled
transfer.

IV. UNIFIED SOLUTION USING AHPC-TRDLS

To solve the power flow equations for the hybrid AC/DC
network, we apply the Newton-Raphson method with in-
tegrated prediction-correction, trust-region, and line search
methods.

1. Mismatch Vector Calculation: Calculate power and
voltage mismatches at all AC/DC buses and VSC-controlled
nodes (Table II). The mismatch vector is defined as

∆F =

[
∆Pac ∆Qac ∆Edc ∆P+

ac ∆Q+
ac

∆E0′

ac ∆E−′

ac ∆E0′′

ac ∆E−′′

ac ∆Pdc

]
(26)

where ∆Pac and ∆Qac are active and reactive power mis-
matches at AC buses; ∆Edc and ∆Pdc denote DC voltage and
power mismatches; ∆P+

ac and ∆Q+
ac correspond to positive-

sequence power mismatches; and ∆E0′

ac,∆E−′

ac ,∆E0′′

ac ,∆E−′′

ac

represent zero- and negative-sequence voltage mismatches.

2. Jacobian Matrix Construction: The Jacobian submatri-
ces account for AC-bus power mismatches and VSC-related
voltage and power mismatches in the hybrid AC/DC network.
The Jacobian matrix J is formulated using partial derivatives
as;

J =
∆F

∆X
=

[
J(·),E′ J(·),E′′ J(·),Edc

]
(27)

where the row blocks follow the ordering of ∆F and the col-
umn blocks follow the ordering of ∆X . Explicit expressions
for all Jacobian blocks are provided in Appendix IX-B.

The vector of unknown variables is defined as

∆XT =
[
∆E′ ∆E′′ ∆Edc

]
3. Predictor Step: The predictor step provides an initial

estimate of the system state update by solving the system

∆Xpred = J−1∆F (28)

The voltage updates after the predictor step are computed as

E′
pred = E′ + δ∆X ′, (29)

E′′
pred = E′′ + δ∆X ′′ (30)

The step size δ is adjusted based on the mismatch norm as

δ =


δ

2
, if ∥∆F∥ > ∥∆Fold∥

min(2δ, δmax), otherwise
(31)
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TABLE IV
SOLVER PARAMETERS AND ADAPTIVE RULES FOR AHPC-TRDLS

Parameter Initial Value / Range Adaptive Update Rule

δ δ ∈ [0, 1], δmax = 1.0 δ → δ/2 if ∥∆F∥ > ∥∆Fold∥; otherwise δ → min(2δ, δmax) [Eq. (31)]

Rtrust Bal.: 0.0–0.8 Unbal.: 0.25 (well-cond.), 0.40
(ill-cond.) Asym.: 0.70 Rand.: 0.15–2.0

Rtrust → min(2Rtrust, R
max
trust ) if ρ > η; otherwise Rtrust → Rtrust/2, with

Rmax
trust = 1 [Eq. (42), (51)]

η 0.15 (weak/ill-cond.); 0.20 (stable) Fixed per study; tightened if acceptance is permissive [Eq. (51)]

ϵ 10−6 Applied when κJ = cond(J⊤J) > τ [Eq. (36)]

τ 108 If κJ > τ : set M−1 = diag
(
1/

(
diag(J⊤J) + ϵ

))
; else ϵ = 0

[Eq. (36)]

τtrend Bal.: 1.0–1.5; Unbal.: 1.3; Asym.: 1.2;
Rand.: 1.2

Trigger Armijo backtracking if ∥ri∥/∥r0∥ > τtrend [Eq. (44)]

β β0 = 1.0 Armijo backtracking: β → τββ, 0 < τβ < 1 [Eq. (47)]

kmax 100 Stop if ∥∆Fcombined∥ < 10−8 or k = kmax [Eq. (52)]

Note: Rtrust is case dependent; smaller values may be used for balanced systems. For randomization studies, δint ∈ [0.90, 0.95]; otherwise,1.

where δ ∈ [0, 1] is the adaptive step size, ∥∆F∥ denotes the
current mismatch norm, ∥∆Fold∥ is the mismatch norm from
the previous iteration, and δmax is the upper bound on the step
size.

4. Correction with Preconditioned Conjugate Gradient
and Trust-Region constraint: The correction step solves
the trust-region subproblem using Preconditioned Conjugate
Gradient (PCG):

J∆Xcorr = −∆Fpred (32)

where ∆Fpred is the mismatch vector after the prediction
state. The search direction is iteratively determined using the
following steps.

(a) Compute the initial residual:

r0 = JT∆Fpred − JT (J∆Xcorr) (33)

(b) Apply the preconditioner:

z0 = M−1r0 (34)

where M−1 is the preconditioner matrix. Adaptive Precondi-
tioning Based on Jacobian Condition Number

κJ = cond(JTJ) (35)

where κJ represents the condition number of the Jacobian
matrix. To improve numerical stability, the inverse of the
preconditioner matrix is computed as

M−1 =


diag

(
1

diag(JTJ) + ϵ

)
, if κJ > τ,

diag

(
1

diag(JTJ)

)
, otherwise

(36)

where M−1 is the preconditioner used to improve the condi-
tioning of the system, J is the Jacobian matrix, ϵ (10−6) is
a small regularization factor to prevent division by near-zero
values, and τ is a predefined threshold (108) to determine
when regularization is needed.

(c) Set the initial search direction:

p0 = z0 (37)

(d) For each iteration k, update the search direction and
correction step:

Api = JT (Jpi), (38)

αi =
rTi zi
pTi Api

, (39)

∆Xcorr = ∆Xcorr + αipi (40)

(e) Update the residual::

ri+1 = ri − αiApi (41)

5. Trust-Region Constraints: The trust-region constraint
ensures that the update remains within a bounded region:

∥∆Xcorr∥ ≤ Rtrust (42)

If the correction step violates the trust-region constraint
Rtrust ∈ [0, 1], the correction step is scaled back as

∆Xcorr = ∆Xcorr
Rtrust

∥∆Xcorr∥
(43)

6. Line Search: The PCG iteration is monitored using the
residual trend, defined as ri/r0,

ri
r0

> τtrend (44)

If this ratio exceeds a predefined threshold or the maximum
number of PCG iterations is reached without convergence, a
fallback correction is triggered using a line-search strategy to
ensure stability and progress. The update is computed as

X(k+1) = X(k) + β∆Xcorr (45)

where the step size β is adjusted based on the Armijo
condition:

0.5 ∥J∆Xcorr∥2 −∆FT
pred∆Xcorr ≤ c β ∥p∥2 (46)
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If the condition is not met, β is updated using backtracking:

β = τββ, 0 < τβ < 1 (47)

7. Combination of Prediction and Correction Steps:

E′ = E′
pred + δ∆X ′

corr, (48)

E′′ = E′′
pred + δ∆X ′′

corr. (49)

8. Trust-Region Adaptation: The effectiveness of the cor-
rection step is evaluated using the ratio of actual to predicted
reduction:

ρ =
∥∆Fpred∥ − ∥∆Fcombined∥

∥∆Fpred∥ − ∥∆Fpred + J∆Xcorr∥
(50)

where ∆Fcombined is the mismatch vector after the correction
state. Based on the computed value of ρ, the trust-region radius
is updated dynamically as

Rtrust =

{
min(2Rtrust, Rtrustmax

), if ρ > η

Rtrust/2, otherwise
(51)

where Rtrust is the trust-region radius, and the value of η is
conditionally selected based on system characteristics, allow-
ing adaptive control of trust-region updates across varying grid
conditions (Table IV). If the correction step fails to improve
the solution (ρ ≤ η), the step is rejected and the trust-
region radius is reduced to ensure better control in subsequent
iterations.

9. Convergence Criterion: Convergence is achieved when

∥∆Fcombined∥ < 10−8 (52)

Otherwise, the iteration counter is updated as k ← k + 1 and
the process continues.

V. CASE STUDY

Two hybrid AC / DC test systems, a small-scale network,
and a large-scale network are used to evaluate the AHPC-
TRDLS algorithm. These case studies capture diverse control
modes, operational limits, and grid complexities, enabling a
comprehensive assessment of the algorithm’s robustness and
practical applicability.

(a) System-1: This is a small-scale six-bus hybrid AC /
DC test system (Fig. 3) that evaluates the performance of the
algorithm in managing power flow within a network where
DC links facilitate power transfer [32]. It includes two AC
zones (AC-1: buses 1–2; AC-2: buses 3–4) connected via
a DC link interfaced by two VSCs (buses 5 and 6). AC-1
connects to generator G1, while AC-2 links to generator G2.
VSC1 operates in control mode 2 mode and VSC2 in mode 4,
allowing controlled power exchange between domains (Table
II). Voltage and reactive power constraints are enforced to
simulate practical operational scenarios.

(b) System-2: Hybrid AC/DC Network The second system
is a large-scale hybrid AC/DC network comprising two non-
synchronous AC grids interconnected by two HVDC links
(Fig. 4) [33]. It includes a mix of generation and load buses,
with VSCs interfacing AC and DC subsystems under PQ
and VQ control modes. This setup evaluates the algorithm’s

Fig. 3. Schematic diagram of System-1 [32].

Fig. 4. Schematic diagram of System-2 [33].

scalability and stability under diverse load conditions and
operational constraints, including power limits and voltage
setpoints. Extra AC and DC nodes are included to ensure one
line exists at each end of the VSCs.

(c) Comparison Methodology: AHPC-TRDLS is bench-
marked against four methods: standard NR [19], NR with
backtracking line search (NR-BLS) [34, 35], 1 +

√
2 or-

der NR(a refined NR method designed for improved con-
vergence) [23], and Multi-Phase Trust-Region Prediction-
Correction (MPTR-PC) (which integrates trust-region strate-
gies with prediction-correction). Each is evaluated under
balanced and unbalanced conditions, examining convergence
speed, stability, and computational efficiency under grid stress
and limit violations. All methods are tested for tolerance value
less than 10−8 and a maximum number of iterations of 100.

(d) Implementation Details and parameter selection:
The AHPC-TRDLS algorithm is implemented in MATLAB
R2024a. Simulations are run on an Intel Core i7-12800HX
(32 GB RAM, Windows 11). Key solver parameters are
summarized in Table IV. The selected values satisfy the con-
vergence and stability requirements of trust–region and line–
search methods [36], while ensuring robustness under nonlin-
ear AC/DC coupling and converter–control interactions [37,
38]. Convergence of these methods typically relies on regu-
larity assumptions such as: the power–mismatch function is
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TABLE V
SYSTEM-1 UNDER BALANCED AND UNBALANCED CONDITIONS

Type of System Balanced Unbalanced
Method Iter. Time (s) Iter. Time (s)
NR 11 0.2108 11 0.199
NR-BLS 12 0.2008 12 0.2016
1 +

√
2 order NR 46 0.2687 46 0.2573

MPTR-PC 12 0.2246 12 0.2117
AHPC-TRDLS 9 0.2050 9 0.2182

continuously differentiable, the Jacobian exhibits local Lip-
schitz continuity, and each accepted step yields a bounded
residual reduction [36]–[38]. In AHPC–TRDLS, the numerical
scheme is designed to respect these conditions through: (i)
trust–region acceptance governed by the actual–to–predicted
reduction ratio ρ, (ii) damping of PCG search directions when
residuals rise during nonlinear events such as PV/PQ or VSC–
mode switching, and (iii) activation of Armijo backtracking
only when PCG no longer provides a reliable descent direction.

The acceptance threshold η and the radius–update rule in
Eq. (51) follow the classical ratio test [36]. The initial trust–
region radius Rtrust is chosen according to grid conditioning
(balanced, weak, or asymmetrical) to prevent divergence or
repeated step rejections [37], and is subsequently updated
only via the reduction ratio. The residual–trend tolerance in
Eq. (44) serves as a nonmonotone safeguard that delays the
line search until the model’s predictive accuracy degrades.
When ∥ri∥/∥r0∥ exceeds its limit, the Armijo backtracking
in Eqs. (45), (46), and (47) guarantees sufficient decrease and
preserves global convergence [36]. All parameters remain fixed
within each operating category, ensuring that performance
comparisons reflect intrinsic algorithmic behaviour.

VI. RESULTS AND DISCUSSION

A. Balanced and Unbalanced System Performance

Table V summarizes the performance of various algorithms
for System-1 under both balanced and symmetrical unbalanced
conditions, reporting the number of iterations and execution
time. The power demand for bus 4 and bus 5 has increased
to 20 and 10 MW. The unbalanced case includes a 2%
voltage deviation and a 5% power mismatch in phases B and
C, introducing asymmetry to test the methods under uneven
operating conditions.

All methods successfully converge, affirming the relatively
small and well-conditioned nature of System-1. The proposed
AHPC-TRDLS algorithm requires 9 iterations in both scenar-
ios and achieves low execution time, highlighting its computa-
tional efficiency. In contrast, the 1+

√
2 NR method converges

in 46 iterations, significantly increasing computational effort
without notable runtime improvement. Classical NR, NR-BLS,
and MPTR-PC methods perform reasonably, requiring 11–12
iterations with runtimes comparable to AHPC-TRDLS.

Table VI compares the algorithms on System-2. The ad-
vantages of AHPC-TRDLS become increasingly evident here.
While the standard NR method converges in 16 and 9 iterations
under balanced and unbalanced conditions, its execution time
increases due to system size. The NR method with NR-BLS

TABLE VI
SYSTEM-2 UNDER BALANCED AND UNBALANCED CONDITIONS

Type of System Balanced Unbalanced
Method Iter. Time (s) Iter. Time (s)
NR 16 1.7584 9 1.18
NR-BLS 94 9.4816 96 12.7806
1 +

√
2 order NR 46 5.5814 44 5.3217

MPTR-PC 16 2.1990 8 1.2214
AHPC-TRDLS 11 1.3719 7 1.2082

Fig. 5. Maximum mismatch for System-2 under different methods.

exhibits slower convergence, requiring 96 iterations and 12.78
seconds under unbalanced conditions.

On the other hand, AHPC-TRDLS consistently converges in
7–11 iterations with a runtime under 1.4 seconds, demonstrat-
ing strong scalability. MPTR-PC also performs well, converg-
ing in fewer iterations than conventional methods, though at a
slightly higher runtime. These results validate the robustness
and computational advantage of AHPC-TRDLS compared to
conventional and enhanced Newton-based techniques, partic-
ularly for large-scale hybrid AC/DC systems.

The convergence performance of various methods was
assessed by comparing the maximum absolute mismatch,
max |∆F | for System-2, as shown in Fig. 5. At the same time,
the classical NR method demonstrates consistent convergence
and is widely recognized for its simplicity and computational
efficiency; its sensitivity to asymmetry results in moderately
higher residuals. In contrast, the proposed AHPC-TRDLS
algorithm consistently achieves superior numerical accuracy
across all scenarios, yielding significantly lower mismatch val-
ues and demonstrating enhanced robustness under unbalanced
and ill-conditioned network conditions.

B. Assessment under Asymmetrical Unbalanced Conditions

To evaluate the resilience of each algorithm under un-
balanced operating conditions, System-2 was tested with an
intentional 5% increase in voltage magnitude and power
injection for Phase C. At the same time, Phases A and B re-
mained at nominal values. This emulates realistic asymmetries
found in distribution networks. Under this 5% perturbation,
only AHPC-TRDLS and MPTR-PC converged successfully,
completing 9 iterations (1.31 s) and 11 iterations (5.16 s),
respectively. In contrast, NR, NR with Backtracking Line
Search, and 1 +

√
2 order NR failed to converge at 5%.
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TABLE VII
PERFORMANCE WITH LARGE DIFFERENCES IN PARAMETERS (SYSTEM-1)

Type of System Balanced Unbalanced
Method Iter. Time (s) Iter. Time (s)
NR NC - NC -
NR-BLS 44 0.3014 44 0.2789
1 +

√
2 order NR 45 0.2674 45 0.3074

MPTR-PC 47 0.3291 47 0.2971
AHPC-TRDLS 33 0.3161 36 0.2965

Note: NC denotes Not Converged.

However, these methods did achieve convergence under milder
imbalances: NR converged at 3% asymmetry in 10 iterations
(1.57 s), NR-BLS at 2% in 97 iterations (10.17 s), and 1+

√
2

NR at 1% in 43 iterations (5.08 s). These results demonstrate
that while classical methods degrade rapidly with asymmetry,
AHPC-TRDLS and MPTR-PC maintain robust and efficient
convergence across a broader range of operating conditions.

C. Performance Under Large Parameter Variations and Op-
erational Stress

Table VII presents the performance of various algo-
rithms in System-1 under conditions where line parame-
ters—conductance (G) and susceptance (B)—differ signifi-
cantly. Specifically, the system admittance matrix was mod-
ified by increasing the conductance (G) by a factor of 10
and decreasing the susceptance (B) by a factor of 10, creating
a challenging numerical environment with high resistance-to-
reactance ratios.

Under these conditions, the classical NR method fails to
converge for balanced and unbalanced cases, underscoring its
sensitivity to ill-conditioning. In contrast, all advanced tech-
niques successfully converge, albeit with varying efficiency.
The proposed AHPC-TRDLS algorithm outperforms others
by achieving convergence in 33 and 36 iterations for the
balanced and unbalanced cases, respectively, while keeping
execution times under 0.32 seconds. The MPTR-PC, NR-BLS,
and 1 +

√
2 methods also maintain reliable convergence.

These results underscore the effectiveness of AHPC-TRDLS
in handling ill-conditioned or highly heterogeneous networks,
maintaining both speed and convergence stability where tradi-
tional methods falter.

D. Voltage and Reactive Power Limit Assessment

Bus voltages and reactive power outputs are maintained
within predefined bounds (V ∈ [0.9, 1.1] p.u., Q ∈ [−2, 2]
p.u.) for system-1 and bounds (V ∈ [0.94, 1.06] p.u.), Q based
on PV buses for system-2. For VSCs, active and reactive
power are constrained within operational limits (P,Q ∈
[−0.5, 0.5] p.u.). When any of these constraints are violated,
the algorithm dynamically adjusts the modes—for instance,
switching from PV to PQ for the generator bus, PQ to PV
for the load bus, or from VQ to PQ for VSC-while updating
the corresponding Jacobian and mismatch formulations to
maintain numerical consistency.

A significant increase in active power demand at Bus 5 in
System-1 causes the VSC operating in VQ mode at Bus 3 to
exceed its power limit, reaching S = −0.5012− 0.0003j p.u.

TABLE VIII
PERFORMANCE COMPARISON UNDER LIMIT VIOLATIONS (SYSTEM-1)

Method Iter. Time (s) Total Transitions
NR 23 0.2974 45
NR-BLS 27 0.2839 52
1 +

√
2 order NR 58 0.4340 111

MPTR-PC 22 0.3059 39
AHPC-TRDLS 20 0.2236 39

Fig. 6. Per-phase bus voltage profile of System- 2 (balanced, with limits).

Fig. 7. Per-phase bus voltage profile of System 2 (balanced, without limits).

In response, the algorithm transitions this VSC to PQ control
mode and enforces the defined operating limits by clamping
the power setpoint to S = −0.5000− 0.0003j p.u.

The effectiveness of different algorithms under this scenario
is summarized in Table VIII, reporting each method’s total
number of events, iteration count, and computational time.

Figures 6 and 7 illustrate the per-phase bus voltage profiles
of System-2 under balanced operating conditions, using the
AHPC-TRDLS algorithm with and without limit enforcement,
respectively. In Fig. 6, voltage limits on AC and DC buses
are strictly enforced during the iteration process, ensuring all
bus voltages remain within acceptable operational thresholds.
This results in a tightly regulated voltage profile across all
phases and buses. Conversely, Fig.7 shows the profile obtained
without enforcing these limits.

E. Performance Under Weak Grid Conditions

Tables IX and X summarize the algorithmic performance
under weak grid conditions, defined by low X/R ratios (0.5



10

TABLE IX
WEAK GRID CONDITIONS FOR SYSTEM-1

Type of System Balanced Unbalanced
Method Iter. Time (s) Iter. Time (s)
NR 20 0.2103 20 0.2331
NR-BLS 32 0.2519 32 0.2759
1 +

√
2 order NR 54 0.2947 54 0.2913

MPTR-PC 17 0.2479 17 0.2231
AHPC-TRDLS 15 0.2559 15 0.2612

TABLE X
WEAK GRID CONDITIONS FOR SYSTEM-2

Type of System Balanced Unbalanced
Method Iter. Time (s) Iter. Time (s)
NR NC - 10 1.1837
NR-BLS 91 9.3724 91 9.4897
1 +

√
2 order NR 48 5.1063 NC -

MPTR-PC 7 1.1310 7 1.1510
AHPC-TRDLS 13 2.1373 9 1.4643

and 0.95, respectively), which often lead to numerical instabil-
ity and convergence difficulties. Under weak grid conditions,
System-1 exhibits convergence for all methods, though NR,
NR-BLS, and 1 +

√
2 order NR require up to 54 iterations.

Despite this, their execution times remain under 0.30 seconds.
AHPC-TRDLS achieves convergence in just 15 iterations
with a comparable runtime of 0.26 seconds, offering faster
convergence without compromising speed.

For System 2, NR fails to converge under balanced condi-
tions and shows limited success for the unbalanced case. NR-
BLS and 1+

√
2 NR require more than 91 and 48 iterations,

respectively, with execution times exceeding 5–9 s. MPTR-
PC attains the fastest convergence under both balanced and
unbalanced conditions, completing in seven iterations with
runtimes of 1.13 s and 1.15 s, respectively. AHPC-TRDLS also
performs robustly, converging in 13 and 9 iterations (2.14 s and
1.46 s) while maintaining numerical stability across a broader
initialization and grid-strength range.
Robustness Assessment: At X/R = 0.95, MPTR–PC ex-
hibits high sensitivity to the initial trust–region radius, achiev-
ing convergence primarily near Rtrust, initial ≈ 0.2, whereas
AHPC–TRDLS converges over a broader range of Rtrust, initial∈
[0.1, 0.8] with the best runtimes at Rtrust, initial ≈ 0.2–0.3. For
X/R variations between 0.7 and 1.0, the proposed algorithm
maintained monotonic convergence and stable residual decay,
whereas MPTR–PC failed to converge for X/R < 0.8. This
robustness assessment highlights the reduced dependence of
AHPC–TRDLS on initialization parameters and its improved
adaptability under weak–grid conditions.

F. Performance with Random Perturbation

The performance of System-1 and System-2 under balanced
and unbalanced conditions, with random perturbations intro-
duced in the G and B matrices, is summarized in Table XI and
Table XII. In System-1, all methods successfully converge.
While the conventional NR method achieves convergence
in fewer iterations (9–10), the proposed AHPC-TRDLS and
MPTR-PC algorithms outperform others by converging within

TABLE XI
UNDER RANDOM PERTURBATION FOR SYSTEM-1

Type of System Balanced Unbalanced
Method Iter. Time (s) Iter. Time (s)
NR 10 0.1927 9 0.181
NR-BLS 12 0.2051 12 0.2165
1 +

√
2 order NR 41 0.197 44 0.2093

MPTR-PC 9 0.1751 9 0.1847
AHPC-TRDLS 9 0.1816 8 0.1815

TABLE XII
UNDER RANDOM PERTURBATION FOR SYSTEM-2

Type of System Balanced Unbalanced
Method Iter. Time (s) Iter. Time (s)
NR NC - NC -
NR-BLS NC - NC -
1 +

√
2 order NR 43 3.8549 NC -

MPTR-PC 43 4.4557 47 4.6809
AHPC-TRDLS 10 1.3353 9 1.3036

8–9 iterations and demonstrating the lowest execution times.
The 1+

√
2 order NR method, though convergent, requires over

41 iterations, indicating reduced efficiency under stochastic
variations.

In contrast, System-2 exhibits greater sensitivity to random
perturbations. Both the classical NR and NR-BLS methods
fail to converge under balanced and unbalanced scenarios.
The 1+

√
2 NR method only converges in the balanced case,

while the MPTR-PC algorithm achieves convergence across
both conditions but with relatively high iteration counts (43–
47) and longer runtimes (above 4.4 s). The proposed AHPC-
TRDLS algorithm remains the most robust, converging within
9–10 iterations and maintaining execution times nearly three
times faster than its counterparts, emphasizing its resilience to
initialization uncertainty and stochastic disturbances.

G. Scalability and Benchmarking on Hybrid AC/DC Systems

The scalability of the proposed AHPC–TRDLS algorithm is
benchmarked against the open-source MATPOWER–FUBM
solver [11, 32], which implements a single-phase AC/DC
load flow using the Flexible Universal Branch Model. Four
representative hybrid AC/DC systems are evaluated under
identical initialization (flat start) and convergence tolerance
(10−8): (i) the IEEE 30-bus grid with 3- and 5-node MTDC
networks [11], (ii) the asynchronous IEEE 57–14 hybrid
network [33], (iii) the EPFL hybrid microgrid [19], and (iv)
the modified 1354-bus PEGASE transmission grid integrating
both a point-to-point HVDC link and a 3-node MTDC sub-
system [11]. Table XIII lists the number of iteration counts
and computational times for both solvers.

The number of states for the proposed AHPC–TRDLS
method and the FUBM formulation are (41 vs. 60), (81
vs. 109), (174 vs. 200), and (2724 vs. 2490) for the EPFL
µ-grid, IEEE 30-bus, IEEE 57–14, and PEGASE systems,
respectively. The proposed solver achieves runtime reductions
of 3.9×–25.3× across all systems while matching or reducing
iteration counts. For PEGASE, the FUBM model shows fewer
states because it employs a polar coordinate representation,
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requiring one variable per PV node, whereas AHPC–TRDLS
uses a rectangular formulation with two voltage components
per PV node. Conversely, in smaller systems, the FUBM model
introduces additional converter-related variables per interface,
increasing its Jacobian order and computation time.

A log–log regression of runtime versus state dimension
shows that AHPC–TRDLS follows the expected scaling behav-
ior of sparse trust-region PCG iterations, where per-iteration
cost grows approximately with the number of nonzero Jaco-
bian entries [39]. For additional benchmarking, a nonlinear
interior-point formulation was implemented in YALMIP. For
the IEEE 57–14 hybrid system, AHPC–TRDLS converges in
0.075 s compared with 2.12 s for the interior-point solver,
and in the PEGASE–1354 case in 2.22 s versus 48.67 s. The
contrast highlights the efficiency of the sparse trust-region
PCG framework over dense interior-point NLP formulations,
especially as problem size increases.

TABLE XIII
BENCHMARKING AGAINST MATPOWER-FUBM

Test System FUBM-based Proposed Speedup
Parameter Iter. Time (s) Iter. Time (s) (FUBM/Prop.)
IEEE 30 Bus 5 0.22719 4 0.011898 19.1
IEEE 57–14 Bus 5 0.26346 5 0.020389 12.9
EPFL µ-grid 11 0.24606 4 0.0097194 25.3
PEGASE 7 7.5535 6 1.9537 3.87

VII. PRACTICAL SCOPE AND INTEGRATION

The present study has focused on the algorithmic devel-
opment and offline validation of the AHPC–TRDLS solver.
However, several of its characteristics make it well-suited for
future integration into energy management systems and real-
time simulation platforms. The solver supports the considered
converter modes—Edc–Qac, Pac–Qac, and Pac–|Eac|—by
activating only the relevant residuals at the PCC and DC
nodes, allowing scheduled transfers across asynchronous or
multi-frequency AC grids.

Unbalanced conditions are handled in the sequence domain.
PLLs and controllers track the positive sequence by default
(E0 = E− = 0 in Edc–Qac), while Pac–Qac mode can
enforce both positive and negative sequences setpoints. The
framework can also be extended to address renewable uncer-
tainty through adaptive node typing (PV↔PQ switching on
Q/|E| limits) and converter (P,Q) capability checks with cur-
tailment, thereby providing a pathway to Energy Management
System (EMS)-level control. From a practical standpoint, the
solver’s sparse Jacobian structure, iterative solution with trust-
region safeguards, and line-search corrections together ensure
scalability and robustness. These features make the algorithm
compatible with the computational requirements of real-time
execution and EMS applications, positioning it as a strong
candidate for future deployment in operational platforms and
hardware-in-the-loop studies.

VIII. LIMITATION AND FUTURE WORK

Limitations: The proposed method incurs a higher per-
iteration computational effort in small systems due to the

trust-region and PCG-based correction step. The current val-
idation is restricted to static power-flow scenarios, and dy-
namic or time-domain interactions have not yet been included.
In addition, the present formulation assumes an ideal PLL
with positive-sequence synchronization; extensions to non-
ideal PLL behavior under unbalance and harmonic distortion
are planned.

Future Work: Ongoing development includes coupling the
solver with real-time EMS platforms and dynamic/EMT co-
simulation environments, incorporating stochastic uncertainty
arising from renewable generation and load variations, and
conducting broader validation across different converter ven-
dors, modeling platforms, and hybrid AC/DC systems.

IX. CONCLUSION

This paper has presented the AHPC–TRDLS algorithm for
solving power–flow equations in hybrid AC/DC networks. The
method integrates Newton–Raphson–based prediction with a
preconditioned conjugate–gradient correction inside a trust–
region framework, supported by a dynamic line–search fall-
back. This hybrid formulation balances global convergence
control and computational efficiency, improving numerical sta-
bility in converter–dominated systems with nonlinear control
interactions and operational constraints.

The proposed solver has been validated on a wide range of
hybrid networks, including a custom 6–bus test system, the
composite IEEE 57–14 asynchronous grid, the experimentally
verified EPFL hybrid microgrid, and the large–scale PEGASE
1354–bus transmission system. Across these diverse cases—
spanning balanced, unbalanced, and weak–grid conditions—
AHPC–TRDLS achieved consistent and stable convergence.
While the algorithm occasionally incurs a modest runtime
increase under strongly ill–conditioned configurations (e.g.,
compared with MPTR–PC in System 2’s balanced weak grid),
this trade–off stems from the additional trust–region and
line–search safeguards that guarantee global convergence and
prevent divergence in nonlinear regimes.

Comparative benchmarking against the open–source
MATPOWER–FUBM platform further confirms the solver’s
scalability, demonstrating quasi–linear growth with network
size and speedups of up to 25× in the EPFL hybrid microgrid
and 3.9× in the PEGASE 1354–bus system. These results
indicate that AHPC–TRDLS provides a balanced combination
of robustness, adaptability, and computational efficiency,
suitable for the analysis of modern hybrid AC/DC grids.
Future work will extend the framework to dynamic and
real–time studies to further bridge numerical reliability and
industrial–scale applicability.

APPENDIX
A. Fortescue Transform

Let α = ej2π/3. The Fortescue transform is defined as

Tsc =
1
3

1 1 1
1 α α2

1 α2 α

 ,

which maps phase quantities to sequence components, i.e.,
E0,+,− = TscE

a,b,c and I0,+,− = TscI
a,b,c, with I = YacE.
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B. Full Jacobian (Block Form)

X =
[
E′ E′′ Edc

]T
F =

[
Pac Qac Edc P

+
ac Q

+
ac E

0′

ac E
−′

ac E0′′

ac E−′′

ac Pdc

]T
J =

∆F

∆X
=

[
∂F1

∂X

∂F2

∂X
· · · ∂F10

∂X

]T
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