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Abstract

Tidal energy is increasingly harnessed due to its high energy density, substantial reserves,
and reliable predictability. However, marine fouling on turbine blades adds weight and
induces asymmetric system loads; prolonged operation exacerbates generator magnetic
saturation, causing inductance parameter deviations from controller presets, which further
leads to current loop delays, amplified tracking errors and unstable power output. To miti-
gate these issues, a self-tuning inductance-oriented model-free predictive current control
method is proposed. The proposed method utilizes a simplified hyperlocal model alongside
an extended state observer to effectively counteract the effects of non-inductive parame-
ters. Simultaneously, the incremental model coupled with a dynamic adjustment method
is proposed for real-time adaptive inductance tuning. Simulation results demonstrate
that the proposed method significantly enhances system robustness against inductance
mismatches and reduces parameter sensitivity, thereby ensuring stable operation. Com-
pared with traditional PI control and model predictive control strategies, the proposed
approach exhibits superior performance in disturbance rejection, parameter adaptability,
and operational stability.

Keywords: tidal energy; inductance mismatch; self-tuning inductance; permanent magnet
synchronous generator; model predictive control

1. Introduction
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magnet synchronous generator (PMSG) are directly caused by parameter mismatch, posing
a significant threat to the operational accuracy and stability of the system [8,9].

To achieve stable operation under fluctuating tidal velocities, various advanced con-
trol strategies have been applied to the tidal stream turbine (TST), including adaptive
control [10], fuzzy control [11], and He robust control [12]. However, their practical
adoption is often hindered by the harsh marine environment, high maintenance costs,
and demanding reliability standards. These constraints critically limit the applicability of
computationally complex or parameter-sensitive algorithms. Within the typical control
hierarchy, maximum power point tracking (MPPT) methods, such as power feedback
control [13] and hill-climbing search [14], generate the optimal torque or speed reference.
Meanwhile, torque regulation strategies like direct torque control (DTC) [15] and field-
oriented control (FOC) [16] are tasked with accurate reference tracking. Nevertheless, these
torque controllers, along with direct power control (DPC) [17], often suffer from power rip-
ples or parameter sensitivity, which induce mechanical stress on the drivetrain and threaten
the system’s longevity. At the higher-level speed /power control loop, strategies such as
fixed-time integral terminal sliding mode control combined with an adaptive RBF neural
network [18] offer fast convergence and robustness. Despite these advantages, their direct
implementation faces potential limitations due to the heavy computational burden of online
learning. At the critical current control level, the common PI controller lacks robustness,
prompting the development of advanced alternatives: active disturbance rejection control
(ADRC) [19] and its linear variant (LADRC) [20] enhance disturbance rejection but require
complex tuning. An improved linear-nonlinear switching ADRC (LNSADRC) [21] and a
robust adaptive super-twisting controller [22] offer enhanced robustness but may struggle
with chattering or parameter sensitivity. Fuzzy logic control (FLC) [23] and fractional-order
fuzzy controllers [24] provide good tracking but can exhibit insufficient robustness or high
computational load. Model predictive current control (MPCC) [25] enhances dynamic
performance but incurs high computational cost and model dependency. Unmodelled
predictive current control (UM-MPCC) [26] reduces this dependency, though its long-term
stability requires further validation. While extended state observer (ESO)-based predic-
tive control [27] combines real-time estimation with precision, its performance can be
compromised by inductance mismatch. Conversely, parameter-robust predictive current
control [28] effectively handles variations, while adaptive methods like online parameter
identification [29] and iterative sliding mode observers [30] tackle mismatch at the cost of
increased computational overhead. In summary, existing solutions face a critical trade-off:
conventional controllers often fail under parameter mismatch, while adaptive methods
typically incur excessive computational costs. This highlights a pressing need for control
strategies that balance high performance, robustness, and ease of implementation to ensure
reliable TST operation.

To address the issues of inductance mismatch, current loop delay, and unstable power
output caused by magnetic saturation from prolonged asymmetric loading in the tidal
stream turbine (TST), a novel self-tuning inductance-oriented model-free predictive current
control (STI-MFPCC) is proposed to ensure stable system operation under both matched
and mismatched inductance conditions. The innovative features of the method include:
(1) adopting an incremental model to reduce parameter dependency and establishing
an inductance tuning mechanism based on the linear relationship between prediction
error and current increment, thereby solving the challenges associated with real-time
identification and compensation for dynamic inductance variations; and (2) simplifying
the system structure using an ultra-local model, and combining an extended state observer
with model-free current control principles to compute the rotor reference voltage vector,
thus overcoming the reliance on precise mathematical models and complex parameter
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tuning in conventional methods. The proposed approach overcomes the drawbacks of
traditional model predictive control, such as parameter sensitivity and complex tuning,
offering a robust, low-complexity, and easily implementable solution for the permanent
magnet synchronous generator (PMSG) system, ultimately ensuring stable operation of the
TST under inductance mismatch conditions.

This article proceeds as follows: Section 2 describes the system model and problem
formulation; Section 3 outlines the proposed self-tuning inductance-oriented model-free
predictive current control; Section 4 presents the RT-LAB real-time simulation results; and
Section 5 concludes the paper.

2. General and Problem Description of TST

A tidal power generation system is a highly complex and nonlinear dynamic system.
Its complexity stems not only from the strong dynamic coupling among the hydrodynamic,
mechanical, and electrical domains, but also from the stochastic fluctuations of tidal cur-
rents and the asymmetric loads experienced by the turbine during long-term operation.
The system primarily comprises a turbine, a permanent magnet synchronous generator
(PMSG), a machine-side AC-DC converter, a DC bus, and a grid-side DC-AC converter.
Within this configuration, the aforementioned operational stressors jointly induce complex
phenomena such as magnetic circuit saturation within the generator. Consequently, key
system parameters (e.g., inductance) exhibit time-varying and mismatched characteristics
during actual operation, which in turn introduces severe control challenges, such as the
degradation of current loop dynamics and power oscillations. A tidal power generation
system is a highly complex and nonlinear dynamic system. Its complexity stems not only
from the strong dynamic coupling among the hydrodynamic, mechanical, and electrical
domains, but also from the stochastic fluctuations of tidal currents and the asymmetric
loads experienced by the turbine during long-term operation. The system primarily com-
prises a turbine, a permanent magnet synchronous generator (PMSG), a machine-side
AC-DC converter, a DC bus, and a grid-side DC-AC converter. Within this configuration,
the aforementioned operational stressors jointly induce complex phenomena such as mag-
netic circuit saturation within the generator. Consequently, key system parameters (e.g.,
inductance) exhibit time-varying and mismatched characteristics during actual operation,
which in turn introduces severe control challenges, such as the degradation of current loop
dynamics and power oscillations.

2.1. Mathematical Modeling of the TST

As the core energy conversion component within the tidal power generation system,
the TST is specifically designed to capture kinetic energy from tidal currents and convert
it into mechanical energy. According to Betz’s theory, the mechanical power P, and the
mechanical torque T}, extracted by the turbine can be expressed as follows [31]:

Py, = 2ptR*03Cp(A, B)

T =1t

(1)

Furthermore, the power coefficient C,(A, B) can be empirically approximated as fol-
lows [32,33].
_o
Co(A,B) = 0.5176(% — 048 — 5)e A+ 0.0068A

1 _ 1 0035
A T OAF0.088 B3+

(2)

where $ denotes the pitch angle.
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This concise mathematical framework lays the theoretical foundation for analyzing
the operational challenges inherent to the tidal power generation system.

2.2. Problem Description for TST

Although the ideal mathematical model of the PMSG provides a baseline for system
analysis, its actual operation is subject to multiple disturbances, such as blade biofouling
and magnetic saturation. These factors in turn induce inductance mismatch and further
compromise the operational stability of the entire system. In the synchronously rotating
d-q reference frame, the voltage equations for the PMSG are expressed as [34]:

. di .
ug = Reig + Lyt — npwnlLyiy

. di, . (3)
uq = Rslq + Lqm + np(l.]n(Ldld + lpf)
Correspondingly, the motion equations of the PMSG can be expressed as follows:
Te = 3npiq|(Ly — Lg)ig +
e 2 pq[( d q)d lz"’f} (4)

]%: m — T — Bwy,

In this study, it is assumed that a surface-mounted PMSG (SPMSGQ) is utilized; there-
fore, Ly = L; = Ls. where uy and u, denote the d-axis and g-axis components of the
stator voltage, iy and i, the d-axis and g-axis components of the stator current, Ry the stator
resistance, Ly and L, the d-axis and g-axis stator inductances, §; the permanent magnet
flux linkage, 1, the number of pole pairs, wy, the rotor mechanical angular velocity, T, the
electromagnetic torque, | the combined moment of inertia, T), the mechanical torque from
the prime mover, and B the viscous friction coefficient. It is assumed that the PMSG is a
surface-mounted type. Therefore, L; = L; = Ls.

To maximize energy capture, the hydrodynamic design of TST blades is often heavily
optimized using detailed 3D-CFD analyses, such as adjusting the stroke angle of blades and
incorporating winglets [35]. Despite these ideal mechanical enhancements, during actual
long-term operation, tidal power generator units are inevitably prone to biofouling or de-
bris entanglement on their blades. Biofouling significantly increases blade mass and surface
roughness [36], degrading their hydrodynamic performance and causing system asymmet-
ric loads [37]. Long-term operation under such asymmetric loads can exacerbate magnetic
circuit saturation in the generator, manifested as nonlinear saturation characteristics of the
d-axis and g-axis inductances with increasing current [8], as shown below:

—ka(i3+i2)

Ly(ig,iq) = Lgo - e
—kg(B+2) ®)

where k; > 0,k; > 0, and L and Lo represent the rated inductances.

Consequently, the actual inductances deviate from the nominal design values [38],
leading to dynamic response delays, phase shifts, and increased steady-state errors Ai,
in the stator current. As illustrated in Figure 1, under scenarios where the inductance L
reaches 1.2 times its nominal value, this current deviation directly induces an electromag-
netic torque error AT,. In cases where |AT,| < |AT,|, the angular velocity fluctuations
Aw are amplified. A sustained increase in Aw eventually compromises the stability of the
power output, ultimately threatening overall system integrity.
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Figure 1. Impact of Inductance Mismatch on Current Tracking, Speed Response and Power Control
Stability; the red dashed line indicates the moment when the inductance mismatch occurs, and the
black arrow denotes the increasing trend of the rotor speed.

Regarding existing control strategies, fixed-parameter controllers frequently fail to
adapt to such dynamic variations due to their reliance on predefined inductance values.
Although adaptive methods can track parameter fluctuations, their practical implemen-
tation is often hampered by a large number of tuning variables and high computational
complexity. Therefore, given the real-time inductance mismatch induced by long-term
operation under fatigue conditions, developing a current tracking control strategy that
combines parameter robustness, low computational overhead, and enhanced stability is a
crucial task.

3. Design and Principles of STI-MFPCC for Robustness Against
Inductance Mismatch

To address the performance degradation in tidal power generation systems—where
prolonged asymmetric operation frequently induces inductance mismatch, reduces current
loop robustness, and leads to unstable power output—this section proposes a self-tuning
inductance-oriented model-free predictive current control (STI-MFPCC) strategy. This
method leverages a simplified ultra-local model integrated with an extended state observer
(ESO) to suppress non-inductive disturbances, while simultaneously achieving real-time
adaptive inductance tuning via a dynamically adjusted incremental model.

3.1. Self-Tuning Inductance in Current Loop Controller

As a core component of the STI-MFPCC method, the adaptive tuning mechanism for
the current loop controller identifies and compensates for dynamic inductance variations
in real time. It is crucial to acknowledge that the actual magnetic saturation behavior in
PMSG machines involves highly complex nonlinearities, such as cross-coupling effects and
spatial harmonics. While the empirical model presented earlier captures the macroscopic
degradation trend, relying on an exact analytical physical model is often computationally
prohibitive and sensitive to unmodeled dynamics. To overcome this fundamental limitation,
recent experimental studies have demonstrated that adopting a self-tuning incremental
model can robustly track actual parameter variations without requiring a precise physical
saturation model [28]. By utilizing real-time dynamic states rather than static predefined
equations, this mechanism ensures robust control performance even under complex induc-
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tance mismatches. The continuous-time PMSG model is first discretized using the forward
Euler method as follows:

) TsR T T
(b s

Ls L 6)
dt1 _ (1 IR £y E kg Ts L p
q L. LMt e

where i’lfl g and u’; 4 Tepresent the stator current and voltage components at the k-th sam-

pling instant, respectively; E";’ g denotes the back electromotive force (EMF), and T; is the
sampling period.

Given that the sampling frequency is significantly higher than the electrical frequency
(T1 > 27tnpwy,), the back EMF is assumed to remain constant over adjacent control periods
(Ek Ek 2). By selecting two adjacent intervals (e.g., [k — 2,k] and [k, k + 2]), the g-axis
Voltage equahons are derived:

k—2 k—1 -k k—2 k k—2
Uug = +u _ 1 +1 +Eq_lq L+ g2
2 *2 T, 2 q )
k k+1 k42 ik k+2 k
Ug +uy :qu +1 qu — 1l T, gk
2 *2 T, 2 q

To eliminate the influence of the back EMF and stator resistance (noting that
Rs < Ls/Ts), the voltage and current increments are defined as:

2

(®)

{Auk-‘rl (1/[ +uk+1) (
2

k—
q
A(Aig)k = (k2 — k) — (’5

k—
+ g 1)
K

q iy

q

Consequently, a simplified difference model solely dependent on the stator inductance
Lg is obtained:

nu = (i) ©)

In the predictive controller, the voltage increment is calculated using the estimated
inductance LX,, to drive the predicted current toward the reference i* gref* The relationship
between the actual system response and the controller model is established by equating the
voltage increments:

Auft = Ts(ig“‘ —2i5 + iy ?) (10)
puk+1 = Lo (i8,0p — 205 +5 %) (11)
9 T, varef a7

By introducing an inductance correction coefficient 7, and considering the computa-
tional delay of the digital control system, the practical tuning laws are derived as follows:

_ k—2
¥ qref 21 + iy _ A(Aig)k 12)
k+2 Zlk + lk 2 A(Alq)

k2 2lk2—|—lk4

fhko o k2fk-2 _ Tgref fhk=2 13
raw ’)/ sm 15—215 2—|—lq sm ( )

The tuning process converges when 7* = 1, indicating that the estimated inductance
matches the actual value.
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To mitigate potential numerical instability and high-frequency noise amplification
caused by the double differential terms A(Aij)k, a discrete first-order low-pass filtering
(LPF) strategy is integrated into the identification loop. Since inductance variations due to
magnetic saturation and marine fouling occur on a significantly slower time scale than the
current sampling frequency, the raw identified inductance LX,,, is processed as follows:

~

Lf = - a) L +alfy, (14)

where « = T;/(t+ Ts) is the smoothing factor and 7 is the filtering time constant.
This recursive structure effectively suppresses the jitter of the inductance correction co-
efficient in sensor-intensive industrial environments. Furthermore, a clamping opera-
tor is applied to constrain the filtered inductance ﬂi‘f within a physically realistic range
(e.g,05L, < i f < 1.5 Ly), ensuring the convergence and robustness of the self-tuning
mechanism even under extreme sampling anomalies. This dual-layer protection strategy
prevents the propagation of numerical oscillations into the predictive control law, thereby
enhancing the overall system stability.

Finally, for interior-type PMSGs where L; # L, this adaptive tuning process is
extended to the d-axis to ensure comprehensive identification and compensation of dynamic
inductance variations across all operating conditions.

3.2. Model-Free Predictive Current Control Based on Extended State Observer

Since the system model in PMSG is complex with excessive tunable parameters, the
ultralocal model-assisted ESO enables efficient calculation of the rotor reference voltage
vector, reducing reliance on precise system models. The first-order ultralocal model for a
single-input single-output system is represented as follows:

y=F+aus (15)

where u; and y represent the control variable and output variable, respectively, « the scaling
factor, and F the known and unknown components of the system. Utilizing the ultralocal
model, the control law for model-free control is provided as follows:

u=(—F+y" +Kpe)/u (16)

where F is the estimate of F, y* the desired output, K, the proportional gain, and e is the
output tracking error. The ultralocal mathematical model of the PMSG can be represented
using complex vectors as follows:

di

E§:F+a% (17)
where F = (—Rsis — jwip,)/ Ls is assumed to be the unknown component, and &« = 1/L;
is the gain of the input values. Based on the ultralocal model of the PMSG, a linear ESO
with state variables i; and F can be constructed, along with feedback from the current error,

as follows: .
ey = Is — I
;s =F+ KUs — H1€rr (18)
Ié‘ = —M2trr
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where 7; and [ are the estimated values of i; and F, respectively, and 77; and 7, are the
observer’s error feedback gains. The state observer can be discretized as follows:

= is(k) + Ts(F(k) + aus(k)) — 101 err (k) (19)

where 1791 and 7, represent the gains of the discrete—time observer. Their values will
influence the distribution of the closed-loop poles of the system (24), thereby affecting the
stability of the observer. The transfer function of the ESO is given by:

G(z) = i5(2) _ o1z — o1 + 1oz Ts (20)

is(z)  (z— 1)2 + 101z — o1 + 102 Ts

By setting values of the poles z; » within the unit circle of the z-domain to ensure exponential
convergence of the observation error, the observer gains can be determined. For the control
of permanent magnet synchronous generator systems, the current inner loop must maintain
a high bandwidth to meet the demands of rapid torque tracking. Considering the speed
parameters of the PMSG, the speed loop bandwidth should not be less than 1 kHz. As is
usually considered, the current loop is set 10 times faster, then the observer bandwidth
is set to 10 kHz. For the complex PMSG system with excessive tunable parameters, the
ultralocal model-assisted ESO enables efficient rotor reference voltage vector calculation
and reduces precise model dependence.

3.3. Lyapunov Stability Analysis of ESO for PMSG Current Loop
To rigorously evaluate the performance of the proposed observer, the stability of the
discretized ESO is analyzed. Consider the estimation error dynamics derived from the

system model:
e(k+1) = De(k) +d(k) (21)

where e(k) = [e1(k),ex(k)]" is the estimation error vector, d(k) represents the lumped
perturbation including discretization residuals and modeling uncertainties, and the state

D = ll — o1 TS] (22)
Moz 1

transition matrix is defined as:

Assumption 1. The observer gains 1o1 and 1gp are appropriately selected such that the matrix ®
is Schur stable, meaning all its eigenvalues A;(P) satisfy |A;(P)| < 1.

Assumption 2. The perturbation term d(k) is bounded, i.e., there exists a positive constant 6 > 0
such that ||d(k)|| < ¢ forall k > 0.

Theorem 1. Given Assumptions 1 and 2, the estimation error e(k) of the discrete-time ESO is
Uniformly Ultimately Bounded (UUB). The error trajectory converges to a compact set Qe defined
by the system parameters and the perturbation bound.

Proof. Consider a Lyapunov function candidate V (k) = e (k)Pe(k), where P € R**? is
a symmetric positive definite matrix. Since ® is Schur stable, for any symmetric positive
definite matrix Q, there exists a unique symmetric positive definite solution P to the
discrete-time Lyapunov equation:

oTpd —pP=-Q (23)
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The forward difference of the Lyapunov function AV (k) = V(k+ 1) — V (k) is derived as:

AV (k) = [@e(k) + d(k)]TP[®e(k) + d(k)] — el (k)Pe(k)
(24)
= el (k)(®TP® — P)e(k) +2eT (k)®TPd(k) + d (k) Pd (k)
Substitution of (23) into the above expression yields:
AV (k) = —el (k)Qe(k) + 2eT (k)®T Pd(k) + d (k)Pd (k) (25)

By utilizing the Rayleigh quotient property and the Cauchy-Schwarz inequality, the terms
in AV (k) can be bounded as follows:

—e’ (k)Qe(k) < —Amin(Q)|le(k)|?
2e” (k)@ Pd(k)| < 2||®"P||5][e(k)|| (26)
d” (k)Pd (k) < Amax(P)6?

where Apin(+) and Amax () denote the minimum and maximum eigenvalues, respectively.
Thus, the upper bound of AV (k) is:

AV (k) < ~Amin(Q)lle(k) | +2[| @7 P|8]le(K)[| + Amax(P)6? (27)

The condition AV (k) < 0is satisfied if the norm of the error exceeds the following threshold:

|97 Plé + (TETPIEY + Ain( QDI
le(k)] > ) £y

(28)

According to the Lyapunov stability theory for discrete-time systems, the estimation error
e(k) is UUB, and the error will eventually enter the residual set Qe = {e : |le|| < pu}. This
completes the proof. [

The radius of the convergence set y is proportional to the perturbation bound J. Since
0 is related to the sampling period T, a smaller T; (higher sampling frequency) effectively
reduces the estimation error bound, enhancing the steady-state accuracy of the current loop.

3.4. Overall Control Architecture of the STI-MFPCC

The comprehensive architecture of the proposed control method is illustrated in
Figure 2. Its core innovation lies in the integration of a self-tuning inductance module, which
enables real-time identification and compensation for dynamic variations in the generator’s
inductance parameters during actual operation. This module works in synergy with the
ESO and model predictive current control (MPCC) to form a robust control framework: the
ESO consolidates unmodeled system dynamics and external disturbances into a generalized
disturbance to facilitate effective observation and compensation; simultaneously, the MPCC
leverages an updated predictive model—informed by the latest self-tuning inductance
parameters—to optimize future current trajectories, thereby generating high-performance
voltage commands. Ultimately, the entire system achieves precise and rapid control of
generator torque and speed through coordinate transformation and the space vector pulse
width modulation (SVPWM) module.

https://doi.org/10.3390 /jmse14060586
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Figure 2. Control Block Diagram for the proposed STI-MFPCC on the TST generator-side, where the
red dashed box highlight the core inductance tuning module.

4. Simulation Results and Analysis

To verify the effectiveness of the proposed method, real-time simulations are con-
ducted on the RT-LAB platform (v2024.1.3.44, Opal-RT Technologies, Montreal, QC,
Canada), with the corresponding results analyzed in detail.

4.1. Introduction to the TST Simulation Platform

In order to lay a solid foundation for the subsequent real-time simulation verification
of the proposed method, a detailed introduction to the TST simulation platform is presented.
An RT-LAB real-time model was developed based on the OPAL-RT OP5707 hardware plat-
form (Opal-RT Technologies, Montreal, QC, Canada) and RT-LAB v2024.1.3.44 software to
validate the control method. The platform effectively emulates the dynamic response of
the physical system, including the PMSG and power electronics, enabling a comprehen-
sive assessment of the control algorithm’s performance, robustness, and stability under
various operational scenarios without the risks and costs associated with testing on an
actual turbine.

The system was modeled with a sampling period of 5 x 10~ s, utilizing the ode4
solver (MATLAB/Simulink R2018b, The MathWorks, Inc., Natick, MA, USA). The platform
simulates a complete tidal stream turbine system, which includes the turbine, a direct-
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driven PMSG, and a back-to-back power converter. The PMSG is controlled by a machine-
side converter that implements field-oriented control for speed and torque regulation.

To thoroughly evaluate the robustness of the proposed method under parameter
mismatch conditions, simulations were conducted under three different inductance values:
the rated inductance, —20% inductance deviation, and +20% inductance deviation. The
parameters of the TST prototype and the PMSG are provided in Table 1. Additionally, to
ensure the full reproducibility of the presented results, the key tuning parameters and
coefficients for both the proposed STI-MFPCC and the comparative baseline controllers are
thoroughly detailed in Table 1. Figure 3 shows the RT-LAB experimental platform.

Table 1. Key Controller Parameters and Tuning Coefficients.

Control Strategy Parameter Description Value
Global Settings Sampling period (T5) 5x107°s
Speed loop PI proportional gain (Kj) 2000
Speed loop Pl integral gain (Kj,,) 20,000
STI-MFPCC (Proposed) ESO bandwidth (w,) 10,000 rad/s
LPF smoothing factor («) 0.05
Inductance clamping limits [0.5 Ly, 1.5 Ly]
ADRC (Baseline) ESO bandwidth (w, 4rc) 4000 rad/s
Controller bandwidth (w, ,4rc) 1000 rad/s
PI Current Loop Proportional gain (Kj.) 200
Integral gain (Kj,) 2000

RT-LAB real-time simulation
environment

Simulation Results and stability
analysis
3 ADRC EERIMPCC IIMFPCC 511

Tidal current velocity
m

o
ESO ger|  MFPCC
AN
R
Self-Tuning Simulation Results and
Robustness Analysis

oy

v ‘II‘IIIIII“III‘II ‘ |

I

I

I

I
===
I

I

I
I

I I Inductance I
L |

Figure 3. RT-LAB real-time simulation platform for the TST system with STI-MFPCC current control;
the red dashed box indicates the self-tuning inductance module.

4.2. Stability and Efficiency Analysis of the Proposed Method Under Realistic
Turbulent Disturbances

Tidal current velocity exhibits complex dynamic characteristics. The primary com-
ponent is driven by predictable tidal currents resulting from the gravitational forces of
celestial bodies. However, the actual velocity is also subject to significant high-frequency
fluctuations caused by secondary factors such as wind waves, weather conditions, and
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seabed topography. These disturbances, manifesting as turbulent surges and abrupt varia-
tions, not only reduce power capture efficiency but also threaten the stability of the tidal
stream turbine and PMSG system, imposing stringent requirements on the control strategy.

To accurately represent these phenomena, the total tidal stream velocity is modeled as
a superposition of low-frequency steady-state components and high-frequency transient
fluctuations [39]:

v(t) = Vtide + Vu ()

d
2720; cosh (2772 Eoy (29)
vy (t) :Z ! cosZn(Ti—Li—i-(p,)

7 T sinh(ZnL%)

where vy4. represents the average tidal velocity, and v, (t) denotes the wave-induced
velocity derived from linear wave theory. The parameters a;, T;, L;, and ¢; represent the
amplitude, period, wavelength, and initial phase of the i-th wave component, respectively;
y and z are the horizontal coordinate and vertical height above the seabed; and 4 is the
water depth.

For real-time simulation verification, the inflow velocity profile is fitted based on
the field measurement data from the Xihoumen Waterway (Zhoushan, Zhejiang Province,
China), as shown in Figure 4, a typical high-flow-rate tidal stream energy-rich waterway
in the East China Sea. The parameters of the velocity waveform are adjusted to replicate
the actual tidal characteristics of the target waterway, with a sampling period of 5 x 10~ s.
Real-time simulation is implemented on the RT-LAB platform, covering a 50-s time window
that fully captures the turbulent fluctuations and surge characteristics of the actual tidal
current. The generated velocity waveform exhibits periodic turbulent fluctuations with an
amplitude ranging from £0.2m/s to 0.6 m/s, and a peak flow velocity of 3 m/s.

Tidal Current Velocity (m/s)

1 i i i i
0 /12 24-_ 36 48
, -
L/ Time (N)~~< _
ga() Time Series of Tidal Current VeIocit‘y(XLhc\)umen)
4 = =~ ~
w26 T T T T
E
2 2.5¢
‘o
o
© 2.4
>
g 23
5
o 22k
<
=
=21 : . : :
0 10 20 30 40 50
Time (s)

(b) Magnified Tidal Current Velocity fitting segment

Figure 4. Fitted tidal current velocity profile from Xihoumen Waterway field measurements.
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Under rated inductance conditions, the simulated tidal current flows into the tidal
stream turbine (TST). To quantitatively evaluate the performance of the proposed control
method, multiple error metrics are employed, including the integral of the squared error
(ISE), integral of time-weighted absolute error (ITAE), mean absolute error (MAE), mean
absolute percentage error (MAPE), and root mean squared error (RMSE), as defined in
Equation (30). Dynamic response ensures that the system reaches a steady state quickly
and smoothly by minimizing ITAE, avoiding excessive oscillations; Steady-state accuracy
measures the error between the system output and the desired value after stabilization
by minimizing MAE and MAPE, ensuring high precision over time; Overall performance
considers both instantaneous and accumulated errors through ISE and RMSE, ensuring
that the system provides stable and reliable control under various conditions.

(30)

where e(f) is the instantaneous error between the reference and actual value at time ¢, y; is
the actual system output at the i-th sampling instant, iJ; is the reference value at the i-th
sampling instant, N is the total number of sampling points in the evaluation period, and ¢
is the time variable in continuous-domain evaluation.

To evaluate the proposed STI-MFPCC, RT-LAB simulations (Figures 5-8, Table 2)
compare its performance against PI, ADRC, MPCC, and MFPCC schemes. Under rated
inductance (Figure 5), the STI-MFPCC achieves high-fidelity current tracking. Its five error
metrics (ISE, ITAE, MAE, MAPE, RMSE) closely match the optimal performance of the
ADRC and significantly outperform the other benchmarks. The superiority of the STI-
MFPCC is profoundly highlighted under +20% inductance mismatches (Figures 6 and 7).
While the benchmark schemes suffer severe waveform distortions—with PI and ADRC
completely losing stability under a +20% mismatch—the STI-MFPCC maintains precise
tracking. Quantitatively (Table 3), under a —20% mismatch, the ITAE and MAE of the
STI-MFPCC are merely 3.3% and 28.2% of the PI controller’s, respectively. Furthermore,
under a +20% mismatch, the error metrics of the benchmarks soar by multiple orders
of magnitude, whereas the STI-MFPCC maintains near-nominal precision. These results
confirm the exceptional robustness of the proposed method against parameter variations,
fulfilling the stringent reliability requirements of practical tidal stream applications.

4.3. Robustness Analysis of the Proposed Method

To comprehensively evaluate the industrial practicality of the proposed control strat-
egy, rigorous robustness tests were conducted under two highly typical industrial distur-
bances: high-frequency measurement noise and uncompensated time delays.

https://doi.org/10.3390 /jmse14060586


https://doi.org/10.3390/jmse14060586

J. Mar. Sci. Eng. 2026, 14, 586

14 of 21

6
155 10 . T T T 3. : T T T
1.4 1.3 ]
®
=} 4
13 | &3
= 2 |
£, g’
S 11 | &
= = Reference > 2.6/= = Reference ]
P 1 % — P
~——— ADRC g 24— ADRC 1
09 MPCC | MPCC
——— MFPCC 22— MFPCC |
nd— STI-MFPCC ) ) ———— STI-MFPCC
o 10 20 30 40 0 % 10 20 30 40 50
'II;lme (s) Time (s)
(a)Power (b)Rotor angular velocity
60! " ' ' ' 2000
= == Reference
400 1500 i:Z)RC
_ 1000 MPCC
< z MFPCC
= = 500 STI-MFPCC
9 [
= o
5] 5 0 4
.V) 5O
= °
g § 500 1
I o
-1000
E— -1500 1
% . . _|— sTI-MFPcg
A -2000 ; ‘ y y
0 10 20 30 40 50 0 10 20 30 40 50

Time (s)
(c)d-axis current

Time (s)
(d)g-axis current

Figure 5. Comparison of various current control methods under rated inductance conditions based

on a 50-s simulation.
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on a 50-s simulation.
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Figure 7. Comparison of various current control methods under a +20% inductance mismatch based

on a 50-s simulation.
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Figure 8. Statistical comparison of current performance metrics under different inductance conditions.

4.3.1. Robustness Against Measurement Noise

Current sensors in tidal turbine systems are often affected by high-frequency noise.

This noise propagates through the control loop, leading to current ripples and increased

mechanical stress. To test the robustness of the controllers, band-limited white noise was
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injected into the measured d-g axis currents (iz;). This setup effectively simulates typical
sensor inaccuracies in industrial environments.

Table 2. Key parameters of the turbine and PMSG.

Category Parameter Value
Water Density, p 1025 kg /m?
Impeller Radius, R 8.0m
. Rated Tidal Velocity, Uyateq 32m/s
Turbine Rated Power, P, edq 1.5 MW
Optimal Tip Speed Ratio, Agpt 8.1
Max Power Coefficient, Cy max 0.45
Pole Pairs, 1, 125
Magnetic Flux, ¢ 7 2.458 Wb
Resistance, R 0.0081 OO
PM 7 S
SG Stator Inductance, Ls (Ly = Lg) 1.20 mH
Rated Angular Velocity, wyated 2.84 rad/s

Inertia, | 1.313 x 10° kg - m?

Table 3. Comparison of current performance metrics under different inductance conditions.

Condition Method ISE ITAE MAE MAPE (%) RMSE
PI 1.13 x 1012 4.88 x 10° 1.53 x 10° 0.12 1.50 x 10*
ADRC 0.50 x 1012 0.58 x 100 0.59 x 10° 0.05 1.00 x 10%
Rated 12 6 3 4
ind MPCC 1.09 x 10 2.82 x 10 1.40 x 10 0.11 1.48 x 10

inductance

MFPCC 1.13 x 1012 3.55 x 100 1.49 x 10° 0.12 1.50 x 10*
STI-MFPCC 0.52 x 1012 0.60 x 10° 0.62 x 103 0.05 1.02 x 10*
PI 1.33 x 1012 19.8 x 100 2.09 x 103 0.17 1.63 x 10*
Inductance ADRC 1.76 x 1012 13.9 x 10° 2.32 x 10° 0.19 1.87 x 10*
mismatch MPCC 1.22 x 1012 7.10 x 10° 1.84 x 10° 0.15 1.56 x 10*
(—20%) MFPCC 0.99 x 1012 5.11 x 10° 1.41 x 103 0.11 1.41 x 10*
STI-MFPCC 0.49 x 1012 0.65 x 100 0.59 x 10° 0.05 0.99 x 10*
PI 1754 x 1012 68,183 x 10° 491 x 103 40.95 592 x 103
Inductance ADRC 4025 x 102 91,833 x 10° 775 x 103 63.96 897 x 10°
mismatch MPCC 107 x 1012 1153 x 100 443 x 103 3.37 146 x 103
(+20%) MFPCC 4.45 x 10'2 28.7 x 106 450 x 103 0.36 29.8 x 103
STI-MFPCC 0.60 x 1012 0.73 x 10° 0.74 x 103 0.06 11.0 x 103

The dynamic responses of active power and g-axis current under noise injection are
shown in Figure 9. Root Mean Square Error (RMSE) and Mean Absolute Error (MAE) are
used to quantify the tracking precision. These metrics reflect the steady-state performance
and help avoid evaluation bias from random noise spikes. The quantitative results are
summarized in Table 4.

As illustrated in Figure 9, baseline methods struggle to suppress the high-frequency
noise. The g-axis currents for PI, ADRC, and MPCC show significant oscillations around
the reference line. Specifically, their iq RMSE values are 151.96 A, 241.96 A, and 211.08 A,
respectively. These large current ripples result in heavy power oscillations. As shown in
Table 4, all baseline methods exhibit a power RMSE exceeding 10,800 W, which degrades
the power quality.

In contrast, the proposed STI-MFPCC achieves superior noise rejection. The g-axis
current (red curve in Figure 9) follows the reference more closely and is smoother than
other methods. Quantitatively, it yields the lowest i; RMSE (118.16 A) and MAE (110.99 A).
For active power, STI-MFPCC reduces the RMSE to 10,219 W and the MAE to 624.56 W.
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These results demonstrate that the proposed strategy effectively filters measurement noise
and ensures a stable power output.

(a)Power

6
x10 1000 T 2000 i :
I = = Reference
| Pl
500 -
| ) 1000 ADRC
; ‘ MPCC
< 0 b o < | MFPCC
€ € 0 STI-MFPCC
G -500 5 [
5 5 f
d  -1000 -
i 2 - 2 W
= = Reference 5 = = Reference % -1000 \[
P! © 1500 Pl S
ADRC ADRC
MPCC 2000 MPcC -2000
MFPCC MFPCC
STI-MFPCC STI-MFPCC
-2500 -3000
0 10 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)

(b)d-axis current (c)g-axis current

Figure 9. Comparison of current control methods under measurement noise conditions.

Table 4. Quantitative Performance Evaluation Under Measurement Noise (Robustness Test).

g-Axis Current (i;) Active Power (P)
Control Strategy
RMSE (A) MAE (A) RMSE (W) MAE (W)

PI 151.96 120.07 13,697 1330.1
ADRC 241.96 189.86 13,484 1286.4
MPCC 211.08 142.98 10,830 699.59
MFPCC 311.79 232.23 10,767 823.92
STI-MFPCC 118.16 110.99 10,219 624.56

4.3.2. Robustness Against Time Delays

Digital control systems in tidal turbines inevitably suffer from time delays due to com-
munication latency, signal filtering, and computational execution. These uncompensated
delays cause severe phase mismatches between the predicted model and the actual physical
system, severely threatening control stability. To test the robustness of the controllers, an
artificial integer delay (e.g., 1.0 Ts, where T is the sampling period) was injected into the
measured d-q axis currents (ig 4). This setup effectively simulates severe computational or
communication latencies in industrial applications.

The dynamic responses of active power and g-axis current under the injected time
delay are shown in Figure 10. Similar to the noise test, Root Mean Square Error (RMSE)
and Mean Absolute Error (MAE) are used to quantify the tracking degradation caused by
the delay. The quantitative results are summarized in Table 5.

As illustrated in Figure 10, baseline methods exhibit high sensitivity to the time delay.
The traditional MPCC is the most severely affected, as the uncompensated delay causes a
severe phase mismatch in its precise mathematical model. Consequently, its tracking errors
increase drastically, with the i; RMSE and active power RMSE reaching 1.77 x 10°> A and
9.93 x 10° W, respectively. Meanwhile, PI, ADRC, and MFPCC maintain basic operation
but still show noticeable phase lags and significant oscillations. Specifically, the i; RMSE
values for PI, ADRC, and MFPCC increase to 138.52 A, 150.58 A, and 171.82 A, respectively.
As shown in Table 5, their active power RMSEs all exceed 10,300 W (e.g., MFPCC reaches
14,195 W), which degrades the power quality.

In contrast, the proposed STI-MFPCC demonstrates superior robustness against time
delays. The g-axis current (red curve in Figure 10) overcomes the phase mismatch and
tracks the reference closely with minimal chattering. Quantitatively, it yields the lowest
ig RMSE (131.77 A) and MAE (124.82 A). For active power, STI-MFPCC successfully re-
stricts the RMSE to 10,217 W and the MAE to 627.70 W. These results demonstrate that the
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data-driven observation mechanism effectively treats the uncompensated delays as unmod-
eled dynamics, thereby ensuring stable power tracking under severe communication or
computational latencies.
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Figure 10. Current Control Method Comparison Under Time Delay.

Table 5. Quantitative Performance Evaluation Under Time Delay (Robustness Test).

g-Axis Current (i) Active Power (P)

Control Strategy

RMSE (A) MAE (A) RMSE (W) MAE (W)
PI 138.52 126.51 10,379 667.96
ADRC 150.58 129.68 14,054 1266.1
MPCC 1.77 x 10° 1.02 x 10° 9.93 x 10° 8.80 x 10°
MFPCC 171.82 135.11 14,195 1326.2
STI-MFPCC 131.77 124.82 10,217 627.70

5. Conclusions

To address dynamic inductance variation, measurement noise, uncompensated time
delays, and unstable power output in TST systems under asymmetric loading, an STI-
MFPCC method is proposed. Based on an incremental model, it achieves highly robust
current control via an inductance self-tuning mechanism and a model-free framework. Its
key advantages are: (1) An online self-tuning mechanism realizes real-time identification
and compensation of dynamic inductance, maintaining stable current tracking even under
a 20% inductance mismatch caused by magnetic saturation. (2) An ultra-local model com-
bined with an ESO enables model-free predictive current control, significantly reducing the
reliance on precise PMSG mathematical models and decreasing the computational burden.
(3) Integrating a dual-layer filtering strategy with the data-driven observation capability of
the ESO significantly enhances the system’s immunity to external disturbances. The pro-
posed method achieves superior noise suppression and maintains absolute stability under
uncompensated digital delays, whereas conventional model-based strategies suffer from
severe performance degradation or divergence. Experimental results verify its excellent
stability, simple structure, and strong engineering applicability under severe parameter
mismatches and typical industrial disturbances.

Future research will extend this framework to collaboratively identify multiple pa-
rameters (e.g., resistance, flux linkage) online, further validating its long-term reliability in
high-power tidal turbines under complex ocean conditions.
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Nomenclature

Py, T Mechanical power and mechanical torque of the turbine W, N-m

0,0 Density of seawater and tidal stream velocity kg/m3, m/s

R,B Radius of the turbine blades and pitch angle m, rad

w Angular velocity of the turbine rad/s

Cp, A Power coefficient and tip speed ratio - =

Ug, Ug d-axis and g-axis components of stator voltage \Y%

iq,1q d-axis and g-axis components of stator current A

Rs Stator resistance Q

Ly, Lg d-axis and g-axis stator inductances H

Lo, qu Rated d-axis and g-axis inductances H

Ls, Lo Nominal stator inductance and its estimated value H

Yr,np Permanent magnet flux linkage and number of pole pairs Wb, —

wy, T, Rotor mechanical angular velocity and electromagnetic torque rad/s, N-m

J,B Combined moment of inertia and viscous friction coefficient kg-mz, N-m-s/rad

ka kg Saturation coefficients for d-axis and g-axis inductances -

Ts Sampling period s

E4 Eq d-axis and g-axis back electromotive force \Y%

o Inductance correction coefficient at the k-th sampling instant -

Lk o I:; Raw identified inductance and filtered inductance H

T, 0 LPF filtering time constant and smoothing factor S, —

L F System lumped dynamics and its estimated value A/s

Ug, Is Control variable (stator voltage) and output (stator current) V, A

err Observer estimation error A

Mo1,Mo2  Discrete-time observer error feedback gains -

D,d (k) State transition matrix and lumped perturbation vector - -

V(k) Lyapunov function candidate -

O, U Bound of the perturbation term and radius of the convergence set -
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