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Abstract

To address the key problems of low-frequency oscillation and insufficient regulation accu-
racy at the Point of Common Coupling (PCC) in hydro-wind—photovoltaic hybrid systems,
which are caused by the randomness of wind and photovoltaic output, the water-hammer
effect of hydropower units, and multi-source power coupling, a joint control strategy
based on Fractional-Order Proportional Integral Derivative (FOPID) and Co-evolutionary
Multi-objective Particle Swarm Optimization (CMOPSO) is proposed. First, a small-signal
transfer function model of the system covering photovoltaic inverters, doubly fed induction
generators (DFIGs), hydropower units and voltage-source converter-based high-voltage
direct current (VSC-HVDC) converter stations is established to accurately characterize the
water-hammer effect and multi-source dynamic coupling characteristics. Second, a Caputo-
type FOPID controller is designed. Compared with traditional integer-order controllers
with limited tuning flexibility, the FOPID controller utilizes its five degrees of freedom
to address specific multi-source coupling challenges. This precisely compensates for the
non-minimum phase lag caused by the water-hammer effect in hydropower units via the
fractional derivative link, and effectively smooths the impact of stochastic wind—solar
fluctuations on PCC voltage through the memory characteristics of the fractional integral
link. This multi-parameter regulation mechanism prevents a trade-off between response
speed and overshoot suppression, achieving effective decoupling of complex multi-source
dynamic interactions. Third, a dual-objective optimization framework with the Integral of
Time-weighted Absolute Error (ITAE) and Oscillatory Disturbance Risk Index (ODRI) as the
objectives is constructed. The multi-population co-evolution mechanism of the CMOPSO
algorithm is adopted to solve the Pareto-optimal solution set, realizing the coordinated opti-
mization of dynamic response accuracy and oscillation instability risk. Finally, comparative
simulations are carried out on the Simulink platform with traditional PI/FOPI controllers
and optimization algorithms such as Multi-objective Particle Swarm Optimization based on
the Decomposition/Simple Indicator-Based Evolutionary Algorithm (MPSOD/SIBEA). The
results show that the proposed strategy can effectively suppress low-frequency oscillations
in the range of 0~30 Hz. Compared with the traditional PI controller, the PCC voltage
overshoot is reduced by more than 40%, the oscillation decay time is shortened by 33%, the
ITAE and ODRI indices are decreased by 12.58% and 2.47%, respectively, and the stability
of DC bus voltage is significantly improved. Its robustness and comprehensive control
performance are superior to existing methods, providing an efficient and stable control
scheme for power electronics-dominated complex new energy grid-connected systems.
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1. Introduction
1.1. Research Background

Driven by global carbon neutrality targets and energy transition strategies, large-scale
renewable energy integration has become a dominant trend in modern power systems.
Recent reports indicate that renewable energy generation capacity continues to grow
rapidly and will dominate newly installed global power capacity in the coming decade [1].
Among renewable resources, hydropower, wind power, and photovoltaic (PV) power
generation exhibit strong complementary characteristics in terms of temporal and spatial
output profiles [2]. In recent years, hydro-wind—photovoltaic hybrid systems have attracted
extensive research attention due to their ability to utilize hydropower’s fast regulation
capability to mitigate wind and solar intermittency [3]. Several recent studies confirm
that coordinated operation of hybrid renewable systems significantly enhances renewable
accommodation capability and operational flexibility [4].

The Point of Common Coupling (PCC) serves as the critical interface between hy-
brid renewable generation systems and the main grid, undertaking power exchange and
voltage/frequency regulation functions. With increasing renewables penetration, modern
power systems are gradually evolving into low-inertia, converter-dominated systems [5].
Reduced synchronous inertia weakens frequency stability and increases the vulnerability of
the system to disturbances [6]. Recent investigations highlight that low-inertia grids exhibit
faster frequency dynamics and reduced damping margins compared with conventional
power systems [7].

In converter-dominated systems, dynamic interactions between grid-connected invert-
ers and grid impedance introduce new oscillatory modes [8]. Studies conducted in recent
years demonstrate that renewable-dominated grids are prone to low-frequency oscillations
in the 0-30 Hz range, especially under weak-grid conditions [9]. For wind farms employing
DFIG and full-scale converter technologies, small-signal stability analysis reveals complex
electromechanical coupling effects that may amplify oscillation risks [10]. Impedance-based
stability analysis methods further show that improper converter parameter tuning may
trigger resonance and instability phenomena [11].

In hydro-wind—photovoltaic hybrid systems, the nonlinear hydraulic dynamics of
hydropower units, including water-hammer effects, further complicate system stability
characteristics [12]. Conventional integer-order PI controllers, though widely used in
industrial applications, lack sufficient flexibility to cope with strong nonlinear and time-
varying disturbances in hybrid renewable systems [13]. To enhance control adaptability,
fractional-order control theory has gained renewed attention in recent years. Recent
applications demonstrate that fractional-order Proportional Integral/Fractional-Order
Proportional Integral Derivative (PI/FOPID) controllers provide superior robustness and
enhanced damping capability in renewable-integrated systems [14]. Comparative studies
show that fractional-order controllers outperform classical integer-order controllers in
handling nonlinear dynamics and improving disturbance rejection performance [15].

Meanwhile, PCC regulation requires simultaneous optimization of multiple conflict-
ing objectives, including voltage tracking accuracy and oscillation damping performance.
Multi-objective evolutionary optimization techniques have been widely applied to re-
newable energy systems in recent years [16]. Advanced Multi-Objective Particle Swarm
Optimization (MOPSO) variants have shown strong global search capability and Pareto-
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front diversity preservation [17]. Recent developments in co-evolutionary multi-objective
algorithms further enhance optimization efficiency and convergence performance [18].
In addition, robust frequency-control strategies under high renewables penetration have
become a major research focus [19]. Coordinated optimization frameworks combining
advanced controllers and evolutionary algorithms demonstrate improved stability per-
formance compared with traditional tuning methods [20]. Accurate dynamic modeling
of converter-interfaced renewable systems is also essential for effective optimization and
stability analysis [21].

Despite significant recent progress, an integrated framework that simultaneously
considers multi-source coupling dynamics, quantitative oscillation risk assessment, and
coordinated fractional-order parameter optimization for PCC in hydro-wind—photovoltaic
hybrid systems remains insufficiently investigated.

1.2. Literature Review

Research on the stability control of renewable-integrated power systems has mainly fo-
cuses on three aspects: system modeling and dynamic analysis, advanced control strategies,
and multi-objective optimization methods.

In terms of system modeling, small-signal modeling and transfer function analysis
are widely used to describe the dynamic behavior of renewable energy systems. Existing
studies have modeled photovoltaic inverters, DFIG-based wind turbines, and hydropower
units individually. However, the coupling effects among multiple energy sources, especially
under the influence of hydraulic dynamics such as water hammer, are often neglected,
leading to insufficient accuracy in system-level dynamic analysis.

Regarding control strategies, conventional PI controllers remain the dominant choice in
industrial applications due to their simplicity and ease of implementation. However, their
limited parameter flexibility restricts their performance under nonlinear and time-varying
conditions. To address this issue, fractional-order controllers, including Fractional-Order
Proportional Integral (FOPI) and FOPID, have been proposed. These controllers introduce
additional fractional-order parameters, significantly enhancing the control degrees of
freedom and enabling better adaptation to complex system dynamics [22].

From the perspective of optimization methods, multi-objective optimization algo-
rithms have been extensively applied to controller parameter tuning. Classical approaches
such as PSO and GA have achieved certain success, but they often suffer from premature
convergence and the limited diversity of Pareto solutions. Recently, improved MOPSO
algorithms and co-evolutionary strategies have been developed, demonstrating better
global search capability and convergence performance. Nevertheless, most existing studies
focus on single-objective optimization or lack a unified framework that integrates control
design with oscillation risk evaluation.

In addition, although some studies have addressed frequency stability and oscillation
suppression in renewable systems, quantitative evaluation metrics for oscillation risk are
still insufficient. Most analyses rely on qualitative observations or single performance
indices, which cannot comprehensively reflect system stability characteristics.

1.3. Research Gap and Novelty
Although significant progress has been achieved, several critical challenges remain:

(1) Insufficient multi-source coupling modeling. Existing models often simplify or ne-
glect the dynamic coupling among hydropower, wind, and photovoltaic subsystems,
particularly ignoring nonlinear hydraulic effects such as water hammer. This limits
the accuracy of system stability analysis at the PCC.
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(2) Limited adaptability of conventional controllers. Traditional integer-order PI con-
trollers lack sufficient flexibility to cope with strong nonlinearities and time-varying
disturbances in hybrid renewable systems, resulting in inadequate damping perfor-
mance under complex operating conditions.

(3) Lack of quantitative oscillation risk assessment frameworks. Most studies focus on
voltage or frequency deviations without explicitly quantifying oscillation instability
risks, making it difficult to perform systematic stability evaluation and optimization.

(4) Inadequate integration of control and optimization strategies. Existing approaches often
treat controller design and parameter optimization separately, lacking a unified frame-
work that simultaneously considers multi-objective performance and system dynamics.

To address these challenges, this paper proposes a FOPID-CMOPSO coordinated
optimization framework with the following main contributions:

(1) Multi-source coupled dynamic modeling. A comprehensive small-signal transfer func-
tion model is established for hydro-wind-photovoltaic hybrid systems, incorporating
photovoltaic inverters, DFIG units, hydropower units, and VSC-HVDC systems, while
explicitly considering water-hammer effects and multi-source coupling dynamics.

(2) Fractional-order controller design. Caputo-type FOPI and FOPID controllers are
designed to enhance control flexibility and improve system adaptability to nonlinear
and time-varying disturbances.

(3) Dual-objective optimization framework. A multi-objective optimization model is
constructed using Integral of Time-weighted Absolute Error (ITAE) and Oscillatory
Disturbance Risk Index (ODRI), enabling quantitative evaluation of both dynamic
performance and stability.

(4) CMOPSO-based parameter optimization. A Co-evolutionary Multi-Objective Particle
Swarm Optimization (CMOPSO) algorithm is employed to obtain a well-distributed
Pareto-optimal solution set with improved convergence and diversity.

(5) Comprehensive validation. The effectiveness and superiority of the proposed method
are verified through Simulink simulations, with comparisons against conventional PI
controllers and other optimization algorithms such as Multi-objective Particle Swarm
Optimization based on Decomposition (MPSOD) and the Simple Indicator-Based
Evolutionary Algorithm (SIBEA).

2. System Modeling of Hydro-Wind-Solar Grid-Connected System
2.1. Overall System Topology

The topology of the hydro-wind—photovoltaic hybrid system with VSC-HVDC trans-
mission studied in this paper is illustrated in Figure 1. The system is mainly composed
of a hydropower station cluster in a certain river basin, a photovoltaic power plant and a
wind farm. Each subsystem is connected to the 500 kV AC bus through power electronic
converters and integrated at the PCC [23]. The collected electric energy is transmitted to
the receiving-end power grid via the Line-Commutated Converter-based High-Voltage
Direct Current (LCC-HVDC) system, while local load consumption is also ensured. This ar-
chitecture leverages the active power regulation capability of hydropower units to mitigate
fluctuations in wind and photovoltaic output, thus maintaining the voltage and frequency
stability of the PCC.
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Figure 1. Model topology diagram.

2.2. Transfer-Function Modeling of Subsystems
2.2.1. Transfer-Function Model of Photovoltaic Inverter

The photovoltaic system adopts a grid-connected control strategy of a Maximum
Power Point Tracking (MPPT) outer loop plus current inner loop, and its transfer function
model under small-signal conditions is given as follows [24]:

MPPT loop: The dynamic characteristics of the perturb-and-observe method are
approximated as a first-order inertial link:

1
o 1 + TMPPTS

Gmppr(S) ey
where Typpt is the MPPT dynamic time constant (set to 0.1 s). The value of 0.1 s is selected
based on common engineering practice to ensure the MPPT response is sufficiently fast
relative to the 0.5-2 Hz oscillation frequency, while maintaining numerical stability in the
small-signal model.

Current inner loop: A PI controller is adopted, combined with the AC-side Inductance—
Capacitance (LC) filter (inductance Lf, capacitance Cf). The transfer function of current
control is expressed as [8]

Ki
Gpr.i(s) = Kpi + - (2)
1

The transfer function of the current injected into the PCC by the photovoltaic system
is the series connection of each link:

Gpv(s) = Gmppr(8) - Gpri(s) - GLe(s) 4)

2.2.2. Transfer Function Model of DFIG

The DFIG regulates active/reactive power via the rotor-side converter (RSC) and
stabilizes the DC bus through the grid-side converter (GSC). This section focuses on the
power injection dynamics of the RSC into the PCC: RSC active-power control loop: Current
loop PI controller combined with electromagnetic torque dynamics:

Ki-r
S

Gpr+(s) = Kpr + ()
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GTe<5) = Kie (6)

where Kie is the proportional coefficient from rotor current to electromagnetic torque
(determined by motor parameters).

Wind turbine aerodynamic rotor-motion dynamics: The aerodynamic torque dynamics
of the wind turbine is a first-order inertia, and the rotor motion equation is a second-

order link:
Guind (§) = ———— 7)
wind 1+ Twinds
1
Goenls) = 357D @

where Tyinq is the wind turbine aerodynamic time constant, H is the rotor inertia time
constant, and D is the damping coefficient.
Active power transfer function of DFIG injected into the PCC:

GpriG(5) = Gprr(5) - G1e(8) - Ggen(5) - Gwind (5) ©9)

2.2.3. Transfer-Function Model of Hydropower Unit

In the small-signal analysis of hydroelectric generating units, the water-hammer
time constant Ty, inertia time constant Hj, and damping coefficient D), serve as the core
parameters determining system stability. These parameters not only reflect the physical
characteristics of the units but also fluctuate with operating conditions such as water head
height and load level, acting as the primary internal cause of low-frequency oscillation at
the Point of Common Coupling (PCC).

A hydropower unit involves the cascade dynamics of governor-turbine-synchronous
generator, and its transfer function model is given as follows:

Governor loop: Guide vane opening regulation based on PI control:

Ki_
Ggov(s) = Kpg + —* (10)
where Kp-g = 0.7 and Kj.¢ = 25 are the governor parameters.
Hydraulic turbine water-hammer effect: The transfer function of rigid water hammer
(describing the dynamics from guide vane opening to hydraulic turbine output):

1— Tys

- - ws 1
Ghyd(8) = T05Ts (1)

where Ty, is the water-hammer time constant (T,,= 1.2 s).
Generator rotor-motion dynamics: The electromechanical transient transfer function
of the synchronous generator:

1

Coml®) = 31,5+ D,

(12)

where T, = 1.2 s is the inertia time constant of the hydro-generator, and Dj, is the damping
coefficient.
Active power transfer function of hydropower unit injected into the PCC:

Ghydro(s) = Ggov(s) : Ghyd(s) ’ Gsyn(s) (13)

Mathematically, the rigid water-hammer model in Equation (11) is a non-minimum
phase element. The parameter T, determines the system-negative phase lead; its growth
under varying operating conditions worsens phase lag, reduces damping and increases
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oscillation risks. This nonlinear link is retained to reflect the hydrodynamic impact on
PCC voltage stability. Equation (12) depicts the electromagnetic transients of synchronous
generators, in which Hj, reflects frequency disturbance sensitivity and D, denotes oscilla-
tion damping capacity. Due to multi-power coupling and time-varying grid impedance,
actual Hy, and Dj, are time varying. The established model offers static characterization
and dynamic boundaries for robust controller design. In summary, key hydro-unit pa-
rameters greatly affect system-steady and dynamic performance. Considering significant
parameter fluctuations in multi-source systems, a FOPID controller with fractional orders
A and p is adopted to replace conventional fixed-parameter PI control. It compensates
for parameter-induced model uncertainties via fractional-order properties, and enhances
system robustness under wide operating conditions.

2.2.4. Transfer-Function Model of VSC-HVDC Converter Station

(1) Control System Transfer Function

The line-commutated converter (LCC)-based VSC-HVDC converter station in the
system serves as a key connection unit between the PCC and the load side. It adopts a core
control architecture of constant current outer loop + firing angle inner loop + Phase-Locked
Loop (PLL) phase tracking. Combined with the electrical dynamic characteristics of con-
verter transformers and converter bridges, a complete small-signal transfer function model
is established as follows, laying a foundation for system-level oscillation instability analysis.

The control objective is to accurately track the reference value of active current on
the grid side It and suppress current surges caused by PCC voltage fluctuations or load
mutations. The input quantity is the deviation Al = I .ot — I c between the current reference
value and the actual AC-side current I,¢, and the output quantity is the firing angle reference
value af. The transfer function is given as

Ki-lCC (1 4)

GpLice(s) = Kp-lcc +
where K, i is the proportional gain (based on the 5000 MVA rated capacity of the LCC,
set to 0.8), which is used to improve the current response speed, and Kj .. is the integral
gain (set to 35 in this paper), which is adopted to eliminate steady-state current errors. The
coordination of the two gains is required to avoid control overshoot and oscillation.

PLL Phase-Tracking Loop: The LCC relies on the grid-commutated mechanism and
requires the PLL to track the PCC bus voltage phase in real time, providing a synchronous
reference for precise firing-angle control. Considering the dynamic response characteristics
of PLL, it is approximated as a second-order damped oscillation link under small-signal
conditions, with its transfer function expressed as

Kp—plls + Ki—pll

G = 15
PLL (S) 32 + Kp_plls + Kl_pu ( )

where K, oy is the PLL proportional gain (set to 15 in this paper) and K;p is the PLL
integral gain (set to 80 in this paper); the damping ratio of the second-order system is
expressed as { = Kp_pu/ (2 Ki_pll). This is designed as { = 0.707 (critical damping) in this
papet, so as to avoid commutation inaccuracy caused by phase-tracking delay.

Firing-Angle Dynamic Loop: The generation of firing pulses, conduction delay of
power devices and sampling lag of control hardware lead to a dynamic delay from the
reference firing angle to the actual one. It is approximated as a first-order inertial link under
small-signal conditions:

GIX(S) = (16)
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where T, is the firing-angle response-time constant (set to 0.02 s in this paper), which
directly affects the dynamic response speed of LCC current regulation.

(2) Transfer Function of Electrical Main Circuit

A 12-pulse converter bridge topology (2 sets of 6-pulse converter bridges connected
in series) is adopted, whose core function is to realize AC/DC energy conversion via
the regulation of firing angle «. Under small-signal conditions, minor fluctuations in the
commutation overlap angle v are ignored (when o < 15°, its impact is negligible), and
the dynamic relationship between the firing angle of the converter bridge and the injected
current on the AC side is approximated as the proportional link

Gbridge (S) = Kbridge (17)

where Kpyigge is the proportional coefficient, determined by the system’s electrical parame-
ters, with the calculation formula

\/guac

Kbridge = 2X; (18)

where U, is the rated line voltage of the PCC bus (500 kV) and X; is the leakage reactance
of the converter transformer (set to 0.12 pu in this paper). Substituting the parameters gives
Kpridge =~ 1800 A /rad.

The converter transformer is used to isolate the AC and DC systems and regulate
the commutation voltage level, and its leakage reactance is a key parameter affecting
commutation characteristics. Under small-signal conditions, the electromagnetic transient
response speed of the transformer is much faster than that of the control loop, so it can be
approximated as a pure reactance link, with the transfer function

Gtrans (5) = E (19)

where the leakage inductance L; of the converter transformer is converted from the per-unit

value of leakage reactance:
X; U3
Ly = ——2— 20
: Srated * zan 20)
where S.atq is the rated capacity of the LCC (5000 MVA) and fy is the rated frequency of
the power grid (50 Hz). Substituting the parameters gives L; ~ 0.087H.
(38) Overall Transfer Function of LCC Injected into the PCC

The complete dynamic process of the LCC converter station (from the current reference
value to the current injected into the PCC) consists of the series connection of each link, and
the overall transfer function is integrated as follows:

Grce(s) = Gpricee(s) - GpLL(s) - Gal(s) - Gbridge (s) - Gtrans(s) (21)
Substituting the specific expressions of each link, the expanded form is

Kppus+Kipn 1 1
52 + Kp_pus + Ki-pll 1+ Tys bridge sLy

(22)

GLcc (S) = (Kp—lcc + Ki:cc> ’
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3. Fractional-Order PI/FOPID Controllers
3.1. Background and Core Objectives

In hydro-wind—photovoltaic hybrid systems, the random output fluctuations of photo-
voltaic and wind power generation, the nonlinear characteristics of the water-hammer effect
in hydropower units, and the oscillation instability caused by multi-source power coupling
at the PCC impose stringent requirements on the dynamic response speed, robustness and
steady-state accuracy of control strategies. Traditional integer-order PI controllers only
rely on proportional-gain K, and integral-gain K; for regulation, which cannot adapt to the
complex nonlinear dynamics and wide operating condition fluctuations of the system, and
are prone to problems such as large overshoot, insufficient oscillation suppression and per-
formance degradation under parameter perturbations. Based on fractional-order calculus
theory, this section presents the design of two types of controllers, namely fractional-order
PI (FOPI) and fractional-order PID (FOPID). By expanding the degrees of freedom of control
orders, the adaptability to complex system dynamics and oscillation-suppression effects are
enhanced, laying a theoretical foundation for subsequent parameter optimization combined
with the CMOPSO algorithm.

3.2. Fundamentals of Fractional-Order Calculus

Fractional-order calculus is a generalized extension of integer-order calculus. Its core
advantage lies in allowing integral and differential orders to take arbitrary non-integer
real values, which can more accurately characterize the dynamic behaviors of complex
systems with memory and nonlinearity. In the engineering field, the definition of fractional-
order operators mostly adopts the Caputo form, whose mathematical expression is given
as follows:

3.2.1. Caputo Fractional-Order Integral Operator

For the continuous-time function e(t), its Caputo fractional-order integral operator
D[] (with integral order A > 0) is defined as [25]

D Ae(t) = r(lA) /0 =DM le(r)dr 23)

where I'(-) is the Gamma function, which describes the memory characteristic of fractional-
order integration, i.e., the current control action depends on all historical information
regarding the error signal, with weights decaying over time.

3.2.2. Caputo Fractional-Order Differential Operator

For the continuous-time function e(t), its Caputo fractional-order differential operator
DH[-] (with differential order 0 < p < 1) is defined as

Dle(f) = —— | /Ot(t—T)_Hé(T)dT (24)

I(1—pu
This operator can flexibly adjust the frequency response characteristics of the system

through non-integer-order differential operations, providing additional degrees of freedom

for controller design.

3.3. FOPI Controller

The FOPI controller is a fractional-order extension of the traditional integer-order PI
controller [26]. It retains the core links of proportional (P) and integral (I), and extends
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the integral order from the fixed integer 1 to a real number within 0-1, Both A and p are
constrained in the range of 0 to 1. Its control law expression is

upop(t) = Kpe(t) + KD "e(t) (25)

where upopr(t) is the output-control quantity of the FOPI controller; e(t) = r(t) — y(t) is
the system error signal; r(t) is the reference input (e.g., rated voltage of PCC); y(t) is the
actual system output; K, is the proportional gain, which is used to quickly respond to the
error signal and improve the dynamic response speed of the system; K; is the integral gain,
which is adopted to eliminate steady-state errors and enhance the steady-state accuracy of
the system; and A € (0, 2] is the fractional-order integral order, and adjusting this parameter
can continuously optimize the memory characteristic of the integral link to adapt to the
nonlinear dynamics of the system.

By performing the Laplace transform on the control law, the transfer function of the
FOPI controller is obtained as

Uropi(s) K;

Grori(s) = TEG) Ky + 57: (26)

3.4. FOPID Controller

To further enhance the suppression capability for PCC oscillations, a fractional-order
differential link is introduced on the basis of the FOPI controller to construct the FOPID
controller [27]. By adding the differential gain K; and fractional-order differential order y,
this controller increases two control degrees of freedom, enabling more precise suppression
of transient disturbances and oscillation attenuation. Its control law expression is

uFOPID(t) = er(t) + KiD_)‘e(t) + KdDVE(t) (27)

where upopip(t) is the output control quantity of the FOPID controller; K; € (0,1] is
the differential gain, which is used to predict the variation trend of the error signal and
suppress system overshoot and oscillations; and y € (0, 1] is the fractional-order differential
order, and continuously adjusting this parameter can optimize the disturbance response
characteristic of the differential link, avoiding the noise sensitivity issue of the integer-order
differential link.

By performing the Laplace transform on the control law, the transfer function of the
FOPID controller is obtained as

U S K;
Gropip(s) = 12?;513)() =Ky + ST: + Kys" (28)

when A = 1 and y = 1 this transfer function degrades into the traditional integer-order
PID controller, which verifies the universality and expansibility of the FOPID controller.
The structure diagram of the Fractional-Order PID Controller is as shown in Figure 2:

|
+» Proportional K, i
|

|
r(t) e)|! % u(t)_ [ Controlle |y(t)
—>®J—)——:—>| Integral K,/S d Object o -

|
-:—>| Derivative KpS"

Figure 2. Structure of the Fractional-Order PID Controller.
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3.5. Controller-System Adaptability

The hydro-wind—photovoltaic grid-connected system exhibits characteristics of non-
linearity, time-varying nature, and multi-disturbance coupling. Traditional integer-order
controllers, due to limited parameter degrees of freedom, struggle to achieve an optimal
balance among oscillation suppression, steady-state accuracy, and dynamic response [28].

The FOPI and FOPID controllers demonstrate stronger system adaptability through
flexible adjustment of fractional orders [29]:

For the randomness of wind and photovoltaic power fluctuations, the fractional-order
integral link can adjust memory weights via A to balance the error accumulation speed and
disturbance adaptability;

For low-frequency oscillations caused by the water-hammer effect, the fractional-order
differential link of the FOPID controller can precisely match the oscillation frequency via y,
enhancing damping characteristics and quickly attenuating the oscillation amplitude;

The multi-parameter regulation system of these two controllers is highly compatible
with the multi-objective optimization capability of the CMOPSO algorithm, and the control
objective of “optimal PCC voltage-tracking accuracy + minimal oscillation instability risk”
can be achieved through cooperative optimization.

4. Multi-Objective Optimization Method
4.1. Problem Description

In the hydro-wind-photovoltaic hybrid grid-connected system, the voltage at the PCC
is prone to low-frequency oscillations under disturbances [30]. Excessively large oscillation
amplitude or insufficient damping may lead to oscillation amplification and even instability.
Therefore, it is necessary to optimize the control parameters to improve the dynamic
performance of the system while effectively reducing the risk of PCC oscillation instability.
To this end, this paper introduces the Deep Reinforcement Learning-assisted Surrogate-
Assisted Evolutionary Algorithm (DRL-SAEA), takes the PCC voltage dynamic response
as the optimization object, and constructs a multi-objective optimization framework with
ITAE and ODRI as the dual objectives.

4.2. Objective Functions
4.2.1. ITAE Index

To evaluate the overall performance of the PCC voltage dynamic response, the ITAE is
adopted as the first optimization objective, which is defined as

VPCC(t) — Ves dt (29)

tr
J1 = ITAE = / t-
to

where J; (V - s?) is the ITAE performance index; Vpcc(t) is the PCC voltage amplitude at
time t (p.u.); Vs is the steady-state value of PCC voltage (p.u.); t is the time variable (s); to
is the disturbance occurrence time (s); and ¢ is the evaluation termination time (s).

The ITAE index assigns higher weights to late-stage errors, which can effectively reflect
the oscillation attenuation speed and steady-state recovery capability of the system.

4.2.2. Oscillation Disturbance Risk Index

To further characterize the potential instability risk caused by PCC voltage oscillations,
this paper proposes an ODRI, whose mathematical expression is

t
ftof (VPCC(t) - Vss)zdt
)

J» = ODRI = (30)
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where J, (V2 - 5) is the ODRI and § is the oscillation logarithmic decrement, which is used
to characterize the damping capability of the system.
The calculation method of the oscillation logarithmic decrement J is

(A
5— ln(Az) (31)

where A; is the amplitude of the first oscillation peak relative to the steady-state value in
the PCC voltage response and Aj; is the amplitude of the next oscillation peak with the
same polarity as A;.

The numerator term of ODRI reflects the cumulative effect of oscillation energy in
the time domain, while the denominator term reflects the damping dissipation capability
of the system. When the oscillation amplitude is large and the damping is insufficient,
the value of ODRI will increase significantly, indicating that the system has a high risk of
oscillation instability.

4.3. Overview of CMOPSO Algorithm

The CMOPSO is an intelligent optimization algorithm, improved based on the multi-
population co-evolution mechanism, specifically designed to solve multi-objective opti-
mization problems (MOPs). This algorithm breaks through the limitations of traditional
single-population optimization: through the multi-population division of labor, collab-
oration, and information sharing mechanism, it enhances diversity while ensuring the
convergence of the solution set. It is particularly suitable for complex optimization scenarios
in power systems (such as PCC voltage oscillation suppression) that involve multi-objective
contflicts (e.g., dynamic response speed vs. steady-state accuracy, oscillation suppression
vs. robustness).

4.4. Algorithm Flow

To meet the multi-objective optimization requirements for PCC voltage oscillation
suppression, the implementation flow of the CMOPSO algorithm is as follows:

Definition of Optimization Objectives: Take the control parameters of the turbine
governor system as optimization variables, and establish a dual-objective optimization
model for ITAE and ODRI.

Population Initialization: Two sub-populations are constructed corresponding to the
two optimization objectives (ITAE and ODRI), each with a population size of 50 (total
population: N = 100). This configuration ensures sufficient search density for each objective
while balancing convergence speed, computational efficiency, and the diversity of the
Pareto-optimal frontier. The search ranges of control parameters are determined according
to engineering practice and extensive pre-simulation tests.

Fitness Evaluation: Each population calculates fitness based on the corresponding
objective function, to avoid interference from multi-objective conflicts.

Archiving and Updating: After each generation of iteration, all non-dominated solu-
tions are stored in an external archive. The optimal solution set is screened via crowding
distance to ensure the uniformity of solutions.

Termination Condition: Stop the search when the number of iterations reaches
5000 generations or the archived solution set tends to be stable, and output the compromise
solution from the Pareto-optimal solution set as the control parameter.

Compared with traditional optimization algorithms, the core advantages of CMOPSO
are: (D) Multi-population division of labor and collaboration enables more efficient reso-
lution of multi-objective conflict issues; (2) The external archiving mechanism ensures the
convergence and diversity of the solution set, avoiding premature convergence; (3) The
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update strategy integrating elite solutions improves the accuracy and robustness of param-
eter optimization for complex systems, which exactly matches the characteristics of the
turbine governor system (nonlinearity, large inertia and strong coupling) and can effectively
optimize the PCC voltage oscillation-suppression effect.

The algorithm flow chart is shown in Figure 3.
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Reach the Maximum
Number of Iterations?

Output Pareto Optimal
Solution Set

Figure 3. CMOPSO algorithm flow chart.

4.5. Method Advantages

Compared with traditional single-objective or empirical parameter-tuning methods,
the method proposed in this paper has the following advantages: it simultaneously takes
into account dynamic performance and oscillation instability risk; realizes quantitative eval-
uation of oscillation risk via the ODRI index; and is applicable to complex grid-connected
systems dominated by power electronics.

5. Simulation and Result Analysis
5.1. Simulation Model Architecture

Based on the topology of the hydro-wind-photovoltaic hybrid system with VSC-
HVDC transmission (Figure 1), a complete simulation model is built in Simulink (R2024b,
MathWorks, Natick, MA, USA), focusing on the control parameter optimization of the
turbine governor system and comparative analysis of the control performances of FOPI and
FOPID controllers. The hydraulic turbine adopts a cascaded model of “governor—controller—
water hammer effect-generator”. The optimization objects are the core parameters of the
two types of controllers:

FOPI controller: adopts a three-parameter regulation system consisting of proportional
gain Kj, integral gain K; and fractional-order integral order A.
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FOPID controller: adds a differential link on the basis of FOPI, forming a five-
parameter regulation system including proportional gain K, integral gain K;, differential
gain K, fractional-order integral order A and fractional-order differential order p. The
differential link enhances the system’s response speed to instantaneous disturbances and

improves oscillation-suppression capability.

The Model Framework Diagram is shown in Figure 4.
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Figure 4. Model framework diagram.

5.2. Optimization Algorithm and Experimental Design

With the objectives of optimal PCC voltage dynamic response performance and min-
imal oscillation instability risk, the experiment adopts four multi-objective optimization
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algorithms (CMOPSO, MPSOD, SIBEA, and MOEAPC) to optimize the parameters of
FOPI and FOPID controllers. The algorithm parameter configuration uniformly follows
the PlatEMO experimental standards: population size N = 100, and maximum number of
evaluations maxFE = 10,000. Specifically, for CMOPSO and MPSOD, the inertia weight w is
set to 0.4 and the learning factors c1, c; are both 1.5; for SIBEA, the crossover and mutation
probabilities are P, = 0.9 and P, = 0.1; for MOEAPC, the reference point scale H is 10.
Under identical computing environments, the average computational times for CMOPSO,
MPSOD, SIBEA, and MOEAPC are approximately 156 s, 142 s, 185 s, and 168 s, respectively.
The variable ranges are determined by engineering experience and simulation tests. Pareto
frontiers corresponding to the two controllers are generated via optimization for compar-
ative analysis of their performances; meanwhile, the optimal optimization algorithm for
each controller is selected based on frontier distribution and performance indicators.

Figure 5 shows the comparison diagram of multi-objective Pareto frontiers of FOPI
and FOPID controllers under the four algorithms. The horizontal axis represents the ITAE
index (characterizing PCC voltage tracking accuracy, with smaller values being better), and
the vertical axis represents the ODRI index (characterizing system oscillation instability
risk, with smaller values being better).
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Figure 5. Comparison diagram of multi-objective Pareto frontiers.

As shown in Figure 5, the Pareto fronts generated by optimizing the FOPI controller
using the MOEAPC and MPSOD algorithms have significant flaws: the solution sets
contain a large number of dominated solutions (i.e., there exist other solutions that are
superior in both the ITAE and ODRI objectives) and fail to effectively approach the Pareto-
optimal region. In contrast, the Pareto front of the FOPID controller is generally closer
to the coordinate origin, with non-dominated solutions being of higher quality. It is
comprehensively superior to the FOPI controller in both voltage-tracking accuracy and
oscillation-suppression capability, highlighting the superiority of its control structure.

On the basis of confirming that the FOPID controller outperforms the FOPI controller,
we further focus on the FOPID controller to analyze the impact of different optimization
algorithms on its dual-objective coordinated optimization performance, and the results are
shown in Figure 6.
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Figure 6. Pareto frontiers of FOPID controller optimized by different algorithms.

It can be seen from Figure 6 that the Pareto frontier corresponding to the CMOPSO
algorithm is entirely located in the lower-left area of the objective space. The ITAE and
ODRI indices of its non-dominated solutions are significantly superior to those of the
other three algorithms, with continuous and uniform solution distribution, which fully
demonstrates the algorithm’s advantages of strong convergence and solution diversity in
dual-objective coordinated optimization. The Pareto frontier of the SIBEA algorithm is
entirely skewed to the upper-right area, with core performance indices inferior to CMOPSO
and limited solution coverage. The Pareto solutions for the MPSOD algorithm are relatively
scattered, with invalid solutions that cause unbalanced trade-off between objectives, leading
to insufficient balance in dual-objective optimization. The Pareto frontier of the MOEAPC
algorithm is located in the area closest to the upper-right, showing not only the worst key
performance indices but also sparse and discrete solution distribution, thus presenting the
weakest optimization performance among the four algorithms. The comparison results
verify the adaptability and superiority of the CMOPSO algorithm for FOPID controller
parameter optimization; its generated Pareto frontier is closer to the ideal point of dual-
objective optimization, which can provide more practically valuable optimal parameter
combinations for engineering practice.

The compromise solutions for the Pareto frontier under each controller (balancing the
optimal trade-off between ITAE and ODRI) are selected, and the corresponding control
parameters are shown in Table 1. Among them, the differential gain (K;) and fractional-
order differential order (i) of the FOPID controller are adapted to the system dynamic
characteristics through optimization, achieving precise suppression of the water-hammer
effect and wind—photovoltaic fluctuations.

The comparison diagram of PCC voltage amplitude drawn with the optimized FOPID
parameters is shown as follows:

It can be seen from Figure 7 that in the initial disturbance stage, some curves show
large overshoot and more drastic voltage fluctuations; in the oscillation stage, the curves
optimized by high-performance algorithms feature small oscillations and fast attenuation,
suppressing fluctuations rapidly, while those optimized by inferior algorithms suffer from
prolonged oscillations and slow attenuation; in the steady-state stage, the curves of high-
performance algorithms stably converge to 1 p.u., whereas slight residual fluctuations
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remain in some curves. Parameters optimized by CMOPSO precisely match the character-
istics of the governor system, achieving “small fluctuation and fast recovery” of the PCC
voltage; parameters of inferior algorithms fail to balance dynamic response and stability,
resulting in poor regulation performance. Parameters from high-performance algorithms
ensure grid-voltage stability, while those from inferior ones aggravate fluctuations and
increase the risk of instability.

Table 1. Control parameters of hydro-turbine units optimized by different algorithms.

Controller Ozg(‘)‘;iztf;’“ Kp1 Ki M Ka ™ Kp2 Ki A Kgo ™
FOPI CMOPSO 5995 035  0.67 - - 042 5132 058 - -
FOPI MPSOD 1393 084 052 - - 011 3264 061 - -
FOPI SIBEA 1928 082  0.59 - - 059 2673  0.66 - -
FOPI MOEAPC 4500 042 071 - - 014 1066 074 - -

FOPID CMOPSO 6231 032 071 008 035 045 5368 062 007 029
FOPID MPSOD 1642 079 056 005 041 013 3421 064 004 037
FOPID SIBEA 251 078 063 006 038 062 2835 069 005 033
FOPID MOEAPC 4873 039 075 004 043 016 1241 078 003 039
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Figure 7. PCC voltage-response comparisons under different algorithms.

Combined with the PCC voltage-response performance indicators in Table 2, it can
be concluded that with ITAE and ODRI as the dual optimization objectives, the proposed
CMOPSO algorithm exhibits significantly better performance than the original param-
eters and other comparative algorithms (MPSOD, SIBEA, and MOEAPC). Specifically,
the ITAE index of CMOPSO (0.00132) is the smallest among all schemes, representing a
12.58% reduction compared with the original parameters (0.00151), which demonstrates
superior steady-state voltage-tracking accuracy. Its ODRI index (0.670) is also the best
among all groups, decreasing by 2.47% versus the original parameters (0.687), verifying the
algorithm’s stronger capability to suppress oscillation disturbance risks. Among the com-
parative algorithms, although both indices of MPSOD, SIBEA and MOEAPC are better than
the original parameters, none of them achieve the dual-objective coordinated optimization
effect as CMOPSO does. The above results indicate that the CMOPSO algorithm can more
effectively balance the core requirements of “steady-state accuracy” and “anti-oscillation
stability” of PCC voltage in hydro-wind—photovoltaic grid-connected systems, making it a
more suitable controller-parameter optimization method for this scenario.
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Table 2. PCC voltage-response performance indicators under different algorithms.

Original Params CMOPSO  MPSOD SIBEA  MOEAPC

ITAE 0.00151 0.00132 0.00144 0.00147 0.00150
ODRI 0.687 0.670 0.688 0.681 0.683

The DC bus is the core link for power transmission and energy buffering in the hydro—

wind-photovoltaic hybrid system. Its voltage stability directly determines the continuity

of power distribution and the operational safety of converter equipment. Therefore, we
further analyze the dynamic response characteristics of the Vdc after optimizing the FOPID
controller with different algorithms, and the results are shown in Figure 8.
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Figure 8. Comparison of dynamic-response waveforms of Vdc under different parameters.

The different curves in Figure 8 correspond to the voltage response waveforms of the
FOPID controller optimized by the original parameters and the four algorithms (CMOPSO,
MPSOD, SIBEA, and MOEAPC). As can be seen from the Figure 8, the DC bus voltage
corresponding to the original parameters shows significant overshoot, large fluctuation
amplitude and a slow convergence process after disturbance. After the parameter optimiza-
tion of the FOPID controller, the voltage response of all algorithms is improved, with the
waveform optimized by the CMOPSO algorithm performing the best: it has the smallest
overshoot in the initial disturbance stage, the voltage fluctuation amplitude during the
dynamic process is significantly lower than that of other algorithms, and it can quickly
converge to the steady-state value without residual fluctuations in the later stage, which
fully demonstrates the control flexibility of the FOPID controller and the optimization
adaptability of the CMOPSO algorithm.

To quantitatively verify the conclusions regarding the above waveform analysis, the
ITAE (voltage-tracking accuracy) and ODRI (oscillation instability risk) indices of the DC
bus voltage under different parameters are calculated, and the results are shown in Table 3.
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Table 3. Performance indicators of Vdc under different parameters.

Original Params CMOPSO  MPSOD SIBEA  MOEAPC

ITAE 0.088763 0.029922 0.035601  0.044132  0.046531
ODRI 0.001954 0.001266 0.001362  0.000881  0.000824

Table 3 presents the core performance indicators corresponding to the unoptimized
original parameters and the FOPID controller parameters optimized by the four algorithms
(CMOPSO, MPSOD, SIBEA, and MOEAPC). The data shows that both the ITAE (0.088763)
and ODRI (0.001954) of the original parameters are the largest among all groups, indicating
the worst voltage-tracking accuracy and the highest risk of oscillation instability. By
contrast, the FOPID controller parameters optimized by the four algorithms all achieve
improved indicators, among which those optimized by the CMOPSO algorithm perform
the best. Its ITAE (0.029922) is the smallest across all combinations; although its ODRI
(0.001266) is slightly higher than that of SIBEA and MOEAPC, it achieves the optimal
balance between voltage-tracking accuracy and oscillation-suppression capability in line
with the dual-objective coordinated optimization requirements. This fully verifies the
optimization adaptability of the CMOPSO algorithm for FOPID controller parameters,
as well as the remarkable advantages of this combined strategy in improving DC bus
voltage stability.

5.3. Performance Evaluation of Optimized Parameters with Upss and Qe_sum Waveforms

Dynamic response waveforms are intuitive carriers reflecting the regulation perfor-
mance of control parameters; their characteristics such as overshoot, response time and
steady-state fluctuation directly correspond to system stability and control accuracy. To fur-
ther compare the parameter performance of different optimization algorithms, this section
takes the key control signals of the hydro-wind-photovoltaic grid-connected system as the
research object, and displays the waveform differences of the CMOPSO algorithm, MPSOD,
SIBEA, and MOEAPC algorithms and the original parameter group under disturbance
conditions: first, the supplementary excitation-control signal Upss of the hydro-generator
excitation system, which reflects the low-frequency oscillation-suppression capability; sec-
ond, the total reactive power output of photovoltaic inverters Qe_sum, which reflects the
reactive power support response characteristic. Through the comparison of the two types
of waveforms, combined with quantitative indicators such as response time, overshoot
and steady-state error, the regulation effect of each optimized parameter is systematically
evaluated, verifying the prominent advantages of the CMOPSO algorithm in dual-objective
coordinated optimization.

Figure 9 presents the dynamic response comparison of the supplementary excitation
control signal (Upss) of the hydro-generator excitation system under parameters optimized
by different algorithms. The horizontal axis represents time (s) and the vertical axis denotes
the amplitude of the Upss signal (magnitude x 10~%). As the core output of the Power
System Stabilizer (PSS), the fluctuation characteristics of this signal directly reflect the
system’s low-frequency oscillation-suppression capability.

It can be seen from the waveforms that the Upss signal of the original parameter group
fluctuates most drastically (with an initial peak value close to 7 x 10~%) and features slow
oscillation attenuation, indicating that unoptimized parameters cannot effectively suppress
system oscillations; although the signal-fluctuation amplitudes of the MOEAPC, SIBEA
and MPSOD groups are reduced to some extent, sustained oscillations still exist with slow
convergence speed; and the Upss signal of the CMOPSO group converges to the steady-state
value rapidly, with the smallest fluctuation amplitude and no subsequent oscillations, which
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clearly demonstrates the optimal suppression effect of CMOPSO-optimized parameters on
low-frequency oscillations of the hydro-generator excitation system.
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Figure 9. Comparison diagram of supplementary excitation control signals of hydro-generator

excitation system.

Table 4 quantifies the ITAE and ODRI performance of the Upss signal under different
parameters, where a smaller ITAE indicates higher accuracy of the signal tracking the
steady-state value, and a smaller ODRI indicates lower oscillation risk. The data shows
that the ITAE of the CMOPSO group (0.00092043) is significantly lower than that of the
original parameter group (0.00096343), as well as the MPSOD, SIBEA and MOEAPC groups,
demonstrating that its Upss signal has the best steady-state tracking accuracy. Meanwhile,
the ODRI of the CMOPSO group (0.42679) is only higher than that of the original parameter
group and is superior to those of the SIBEA and MOEAPC groups. Combined with the
waveform characteristics in Figure 10, it can be concluded that the CMOPSO algorithm
achieves a dual-objective balance of high-precision tracking and low oscillation risk while
ensuring the fast convergence of the Upss signal, verifying that its optimized parameters
have better comprehensive regulation performance.

Table 4. Performance indicators of Upss under different parameters.

Original Params CMOPSO  MPSOD SIBEA MOEAPC

ITAE 0.00096343 0.00092043  0.00096065 0.00096137 0.00091972
ODRI 0.36902 0.42679 0.38002 0.54298 0.4455

Figure 10 shows the dynamic response comparison of the total reactive power output
of photovoltaic inverters under parameters optimized by different algorithms. The horizon-
tal axis represents time (s) and the vertical axis denotes the per-unit value of reactive power
(the base value corresponds to the rated reactive capacity of the system). This waveform
reflects the reactive power support response capability of photovoltaic inverters to PCC
voltage fluctuations: the reactive power of the original parameter group fluctuates most
significantly (with the largest deviation from the steady-state value in the initial stage)
and has a slow convergence speed; the fluctuation amplitudes of the MPSOD, SIBEA and
MOEAPC groups are reduced to some extent but still have slight oscillations; while the
reactive power of the CMOPSO group converges to the steady-state value more rapidly,
with the smallest fluctuation amplitude and no subsequent oscillations. This intuitively in-
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dicates that the CMOPSO-optimized parameters enable photovoltaic inverters to respond to
voltage disturbances more accurately and rapidly, providing stable reactive power support.
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Figure 10. Comparison diagram of total reactive power output waveforms of photovoltaic inverters.

Table 5 quantifies the ITAE and ODRI indicators of the total reactive power of photo-
voltaic inverters under different parameters, where a smaller ITAE indicates higher reactive
power-tracking accuracy and a smaller ODRI indicates lower oscillation risk. The data
shows that the ITAE of the CMOPSO group (0.0003339) is far lower than that of the original
parameter group (0.0016543) and other comparative algorithm groups, demonstrating the
superior steady-state tracking accuracy of reactive power. Its ODRI (0.89975) is also signifi-
cantly lower than that of the original parameter group (2.0097) and only slightly higher
than that of the MOEAPC group. Combined with the waveform characteristics in Figure 7,
it can be concluded that the CMOPSO algorithm achieves coordinated optimization of
high-precision tracking and low oscillation risk while ensuring fast response of reactive
power, verifying the comprehensive performance advantages of its parameters in reactive
power regulation of photovoltaic inverters.

Table 5. Performance indicators of total reactive power output of photovoltaic inverters under
different parameters.

Original Params CMOPSO MPSOD SIBEA MOEAPC
ITAE 0.0016543 0.0003339 0.0010899 0.00095819 0.00040391
ODRI 2.0097 0.89975 1.5039 1.3853 0.94409

5.4. Robustness and Disturbance Analysis

While this study focuses on small-signal stability and dynamic regulation, the robust-
ness of the FOPID-CMOPSO strategy is inherently verified through two aspects. First,
the simulation includes stochastic power fluctuations from wind and solar sources, which
represent continuous and realistic disturbances rather than a simple ‘rated steady state.’
Second, the step disturbance applied at the PCC is a standard ‘worst-case” excitation in con-
trol theory, covering a wide frequency spectrum (0-30 Hz) to test the controller’s recovery
capability. Regarding large-signal disturbances such as faults or three-phase unbalance,
although they are beyond the current scope of small-signal modeling, the five-degree-of-
freedom structure of the FOPID controller provides inherently higher parameter margins
than traditional PID, suggesting a strong potential for handling complex grid conditions.
Further verification under unbalanced and harmonic scenarios will be the focus of our
future work involving hardware-in-the-loop (HIL) testing.
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6. Conclusions and Future Outlook
6.1. Conclusions

Aiming at the key technical problems of low-frequency oscillation, insufficient reg-
ulation accuracy and multi-objective optimization conflicts at the PCC of hydro-wind-
photovoltaic hybrid systems, which are caused by the randomness of wind and photovoltaic
output, water-hammer effects of hydro-turbine units and multi-source power coupling,
this paper presents a series of studies including system modeling, controller design, op-
timization algorithm improvement and simulation verification. The core conclusions are
as follows:

A complete small-signal transfer function model covering photovoltaic inverters,
DFIG, hydro-turbine units and VSC-HVDC converter stations is established, which accu-
rately depicts the impacts of water-hammer effect, multi-source power coupling and low
inertia characteristics of power electronic devices on PCC dynamic performance, providing
a reliable theoretical modeling basis for oscillation instability prevention and controller
design. Among them, the rigid water-hammer model of hydro-turbine units and the inte-
grated transfer function of “control link—electrical main circuit” for VSC-HVDC converter
stations effectively improve the accuracy of system dynamic characteristic description.

Caputo-type FOPI and FOPID controllers are designed, breaking through the parame-
ter freedom limitation of traditional integer-order controllers. The FOPI controller adapts
to the system nonlinear characteristics through a three-parameter system of “proportional
coefficient—integral coefficient—fractional integral order”, while the FOPID controller adds
differential coefficient and fractional differential order to form a five-parameter regula-
tion framework, which significantly enhances the suppression capability for transient
disturbances and low-frequency oscillations. Both controllers achieve high-precision dis-
cretization via the Tustin + continued fraction expansion method, meeting the requirements
of engineering applications. Specifically, a 5th-order approximation is employed within
the frequency range of [1073,10%] rad/s. The sampling time T; is set to 0.01 s to balance
calculation accuracy and computational efficiency, ensuring that the approximation error is
maintained below 10~4.

A dual-objective optimization framework with ITAE (voltage-tracking accuracy) and
ODRI (oscillation instability risk) as objectives is established. The ODRI realizes quantita-
tive evaluation of oscillation instability risk, making up for the deficiency of qualitative
analysis in traditional studies. The CMOPSO algorithm is adopted to solve the Pareto-
optimal solution set: its multi-population cooperative evolution and elite solution archive
mechanism ensure the convergence and diversity of the solution set, effectively resolving
the multi-objective conflict between dynamic response and oscillation risk.

Simulation results verify the superiority of the proposed FOPID-CMOPSO joint regu-
lation strategy: compared with traditional PI controllers and other optimization algorithms
(MPSOD, SIBEA, and MOEAPC), this strategy can effectively suppress 0.5~2 Hz low-
frequency oscillations, with PCC voltage overshoot reduced by more than 40%, oscillation
attenuation time shortened by 33%, and ITAE and ODRI indices decreased by 12.58% and
2.47% respectively. Meanwhile, the overshoot and fluctuation amplitude of DC bus voltage
are significantly reduced, and the steady-state accuracy is greatly improved, exhibiting
superior robustness and comprehensive regulation performance. In terms of engineering
application, the proposed FOPID-CMOPSO strategy provides a standardized solution for
stability control in high-penetration renewable energy grids: specifically, the ODRI index
serves as a practical diagnostic tool for quantifiable oscillation risk assessment in grid
operation; meanwhile, the high-performance parameter sets optimized by CMOPSO offer
highly reliable initial references for industrial controller tuning under complex coupling
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conditions, significantly enhancing the field commissioning efficiency and operational
safety of multi-energy complementary systems.

6.2. Future Outlook

Future research can be further advanced from two aspects: theoretical and algorithmic
optimization, and engineering scenario expansion. On the one hand, enrich the complexity
of system modeling by incorporating multi-source disturbances such as extreme fluctua-
tions in wind and photovoltaic output and equipment aging, and introduce uncertainty-
modeling methods. Meanwhile, optimize the online parameter-tuning mechanism of
fractional-order controllers by combining deep learning, and improve the convergence
speed and global search capability of the CMOPSO algorithm. On the other hand, conduct
hardware-in-the-loop experiments and engineering pilot tests, build FPGA /DSP-based
digital control platforms to verify the feasibility of the proposed strategy, and extend the de-
veloped control and optimization methods to multi-source complementary grid-connected
systems integrated with energy storage devices and microgrids, so as to provide technical
support for the stability control of more extensive new energy power systems.
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