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Abstract

In permanent magnet synchronous generator-based wind energy conversion systems,
generator-side measurements may become unreliable due to sensor faults, which can
degrade system reliability. To address this issue, a redundant control framework based
on load-side encoder feedback is proposed, where the load-side encoder serves as an
alternative measurement source under sensor degradation. Compared with conventional
generator-side sensing strategies, the proposed approach enhances fault tolerance without
requiring additional hardware redundancy. An extended state observer is employed to
estimate system states and lumped disturbances, enabling improved robustness. Simulation
results show that the proposed method significantly improves speed tracking performance,
reducing the root mean square error by approximately 45% compared with conventional
PI control, while maintaining stable operation under sensor degradation conditions. The
results demonstrate that the proposed strategy enhances system reliability and robustness
in fault scenarios.

Keywords: permanent magnet synchronous generator; wind energy conversion system;
load-side encoder; redundant control; extended state observer

1. Introduction

The increasing global demand for electricity and the urgent need to mitigate climate
change pose significant challenges to traditional energy systems [1]. Globally, fossil fuels
still dominate global electricity generation, accounting for approximately two-thirds of
the total, and remain a major source of greenhouse gas emissions, contributing over 40%

M) Check for updates of energy-related CO; emissions [2]. This energy structure highlights the urgent need to

accelerate the global transition toward low-carbon and sustainable energy systems [3,4]. In
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solutions for reducing carbon emissions and improving energy sustainability. Emerging
energy harvesting devices provide another route for sustainable energy generation and
utilization [5]. Among various renewable energy sources, wind energy has attracted

Copyright: ©2026 by the authors. considerable attention due to its abundance, scalability, and technological maturity [6-8].

Licensee MDPL Basel, Switzerland. With continuous advancements and large-scale deployment, wind energy has become
This article is an open access article an important component of modern power systems and plays a key role in the global
distributed under the terms and energy transition and new power system construction [9,10]. However, the increasing

conditions of the Creative Commons

penetration of wind power also brings several challenges, such as intermittency, grid
Attribution (CC BY) license.

Inventions 2026, 11, 47 https:/ /doi.org/10.3390/inventions11030047


https://crossmark.crossref.org/dialog?doi=10.3390/inventions11030047&domain=pdf&date_stamp=2026-05-15
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inventions
https://www.mdpi.com
https://orcid.org/0009-0001-0485-3188
https://doi.org/10.3390/inventions11030047

Inventions 2026, 11, 47

2 of 14

integration requirements, stability constraints, energy storage limitations, and system
reliability issues [11,12]. These challenges place higher demands on wind energy conversion
systems, requiring them to maintain efficient and stable operation under variable wind
conditions and practical disturbances.

Against this background, modern renewable energy units, including wind energy
conversion systems (WECSs), require advanced control strategies to ensure efficient and
stable operation under varying operating conditions [13]. Techniques such as maximum
power point tracking and pitch angle control are widely adopted to enhance system perfor-
mance [14,15]. Among different generator configurations, permanent magnet synchronous
generators (PMSGs) are commonly used due to their high efficiency and direct-drive capabil-
ity [16]. However, PMSG-based systems are inherently nonlinear and subject to wind-speed
fluctuations, disturbances, parameter uncertainties, and measurement issues [17,18]. In
practical applications, reliable operation depends heavily on accurate speed and position
measurements, which may degrade under harsh operating conditions [19]. These char-
acteristics place higher demands on control strategies to ensure robustness and stability,
particularly in the presence of measurement uncertainties and sensor faults.

To cope with nonlinear dynamics, disturbances, parameter uncertainties, and mea-
surement uncertainties in PMSG-based systems, various control strategies have been
investigated. Conventional proportional-integral (PI) control is widely used because of
its simple structure and ease of implementation, but its performance strongly depends on
accurate feedback measurements and proper parameter tuning. When the generator-side
speed or position signal is affected by noise, bias, or degradation, PI control may suffer from
increased tracking errors and speed fluctuations [20]. Advanced control strategies, such as
sliding mode control (SMC) and model predictive control (MPC), have been developed to
improve robustness and dynamic performance. However, SMC may introduce chattering
and become sensitive to measurement noise under non-ideal sensing conditions [21,22],
while MPC generally requires an accurate system model and reliable state measurements,
with relatively high computational burden for real-time converter control [23,24]. Observer-
based approaches, particularly extended state observer (ESO)-based methods, can estimate
lumped disturbances and improve disturbance rejection without requiring a highly accu-
rate mathematical model [25-28]. Nevertheless, most existing ESO-based methods still
assume that the main feedback measurements are reliable. Therefore, although the above
methods improve control robustness from different perspectives, they rarely address the
measurement architecture itself, especially the utilization of redundant sensing informa-
tion when generator-side measurements become degraded or unavailable. This limitation
motivates the development of a redundant measurement-based control framework that
can exploit load-side encoder feedback while compensating for the associated transmission
dynamics, external disturbances, and measurement mismatch.

In this paper, a load-side encoder-based redundant control framework is proposed
for PMSG-based WECSs under generator-side measurement degradation. In practical
wind turbine applications, generator-side speed or position sensors may be affected by
harsh environmental conditions, such as humidity, salt spray, temperature variations, and
mechanical vibration, which can lead to measurement noise, signal degradation, or tempo-
rary sensor faults. To maintain continuous operation under such conditions, the load-side
encoder is utilized as an alternative feedback source, thereby enabling fault-tolerant opera-
tion without adding extra hardware redundancy. However, the load-side measurement is
not an ideal substitute for the generator-side measurement, because it may be affected by
transmission dynamics, external disturbances, and measurement mismatch. Therefore, an
extended state observer is integrated into the proposed framework to reconstruct system
states and estimate lumped disturbances. Based on the estimated states and disturbances,
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a compensation mechanism is introduced to mitigate the influence of load-side measure-
ment mismatch and external perturbations, improving system robustness under sensor
degradation conditions. Simulation studies under various wind profiles, including step,
ramp, and turbulent conditions, as well as parameter perturbations, demonstrate that
the proposed framework achieves improved speed tracking performance and enhanced
robustness compared with conventional control strategies.

The remainder of this paper is organized as follows. Section 2 presents the materials
and methods, including the system model, ESO-based redundant control strategy, and
stability analysis. Section 3 reports the simulation results. Section 4 discusses the validation
scope and future extensions. Finally, Section 5 concludes the paper.

2. Materials and Methods
2.1. Modeling of PMSG-Based Wind Energy Conversion Systems

The wind energy conversion system can be described by standard aerodynamic and
electromechanical models commonly used for PMSG-based wind-turbine analysis [29,30].
The captured wind power is given by

1
P = 2pSCp(A)oy (1)
where p, S, vy, and Cp, denote the air density, swept area, wind speed, and power coefficient,

respectively.
The tip-speed ratio is expressed as

O/R
A= 2
- @
and the aerodynamic torque is
p
Ty = —
=& ©
where (), is the rotor speed and R is the blade radius.
The mechanical dynamics of the PMSG system can be described by
d;‘]—tm:TL—Tg—me+d )

where | is the moment of inertia, wy, is the mechanical angular speed, T} is the load (driving)
torque, T, is the electromagnetic (braking) torque, B is the viscous friction coefficient, and 4
denotes external disturbances.

For a surface-mounted PMSG, the reluctance torque is neglected, and the electromag-
netic torque is

3 .
Te = >p¥rlg 5)

where 1y, §¢, and iy are the number of pole pairs, permanent magnet flux linkage, and
g-axis current, respectively.
Substituting (5) into (4) yields

dwy, .
% — big+ f ©6)
where
3
b - _?]npwf,
1 B d @)
fszL_*Wm—i_*.
J J J
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Here, f denotes the lumped disturbance, including aerodynamic torque variation,
friction, and external disturbances. This compact form directly supports the ESO and
disturbance compensation design.

2.2. ESO-Based Redundant Control for PMSG Systems with Load-Side Encoder

In the proposed redundant control framework, the load-side encoder is used as the al-
ternative feedback source when generator-side measurements are degraded or unavailable.
To handle transmission effects, model uncertainties, and external disturbances under this
configuration, a disturbance estimation and compensation mechanism is introduced, as
shown in Figure 1.

A third-order ESO is adopted to estimate the required states and lumped disturbance
with relatively low model dependence and moderate implementation complexity. Other
control formulations, such as robust control, sliding mode control, or model predictive
control, may also be combined with the proposed load-side encoder feedback framework
in future work.

The third-order nonlinear ESO with fal-based error feedback is designed as

ém = Wm — P1fal(e,a1,0)
Om = big + f — Bafal(e,a,6) 8)
f = —Bafal(e, az,9)
where the estimation error is defined as
e=0,—0y )

The nonlinear function fal(-) is defined as

e <6
fal(e,a,8) = ¢ o°* el < (10)
le|*sign(e), le| > &

where J is a small positive constant that defines the boundary between the linear and
nonlinear regions and balances noise sensitivity with convergence performance.

Wind Turbine
T,_l Back-to-Back PWM Converter
Ly, Lop Lope ine-side ¢ >, rid-si

PMSG [+ Park [ Clark e Machine-side <5 p ., 1+ Grid-side a¢

Converter |e—pl l«—»| Converter Grid
4, t

Current S _l/}
Controller 7

Load-side
Encoder

Figure 1. Block diagram of the proposed ESO-based redundant control framework for PMSG with
load-side encoder configuration.

https:/ /doi.org/10.3390/inventions11030047


https://doi.org/10.3390/inventions11030047

Inventions 2026, 11, 47

50f 14

The observer gains 1, B2, and B3 are initialized using the bandwidth parameterization
method commonly adopted in ESO design. The basic idea is to first consider the local
linearized error dynamics of the third-order ESO. When the estimation error is sufficiently
small, the fal(-) function operates in its linear region and the observer error dynamics can
be approximately represented by a third-order characteristic polynomial:

2+ B1s* + Pas+ B3 = 0. (11)

To obtain a simple and tunable observer structure, the desired observer poles are
assigned at —w,, namely,

(s + wo)® = s% + 3w,s? + 3w?s + w3. (12)
By matching the coefficients, the observer gains are initialized as
B1=3w, P2=3w), PB3=uw, (13)

where w, denotes the observer bandwidth.

In practical implementation, the observer bandwidth w, is not treated as an arbitrary
parameter. It is first selected according to the bandwidth of the outer speed loop and the
available measurement quality. In this work, wj is initialized as 3-5 times the closed-loop
bandwidth of the speed controller. It is also kept lower than the bandwidth of the inner
current loop and sufficiently below the sampling-frequency limit. Starting from this initial
value, w, is increased until the estimated speed and disturbance converge sufficiently fast
during wind-speed transients. If high-frequency oscillations, amplified encoder noise, or
excessive current ripple appear, w, is reduced. The boundary parameter § of the fal(-)
function is also adjusted to enlarge the linear region. Therefore, the final observer gains are
obtained through a practical trade-off among convergence speed, disturbance-estimation
accuracy, noise sensitivity, and current smoothness.

However, improving estimation accuracy alone is not sufficient to eliminate the in-
fluence of disturbances and measurement uncertainties, especially under generator-side
sensor degradation. To further enhance system reliability, the estimated disturbance is
incorporated into the control law for active compensation. Let iy denote the nominal g-axis
current command generated by the outer-loop speed controller without disturbance com-
pensation. According to (6), the term bi, represents the controllable part of the mechanical
acceleration, whereas f represents the lumped disturbance. Therefore, by injecting the
compensating current — f /b, the final current reference applied to the current regulator is
designed as

e

i5 =g — (14)

S~

In the implementation, the control law uses the nominal input coefficient b, whose
negative sign is determined by the generator torque convention in (4) and (5). Substitut-
ing (14) into (6) gives Wy = bigo + f — f, which indicates that the influence of the lumped
disturbance can be reduced when f tracks f. Therefore, the compensation term is used
to improve disturbance rejection based on the ESO estimate, while the robustness of the
selected parameters under model perturbations is evaluated through the simulation cases.

2.3. Stability Analysis of the Proposed Method

In this section, the stability of the proposed ESO-based redundant control scheme is
analyzed using Lyapunov stability theory. The load-side encoder is considered as the only
measurement source, and the ESO is incorporated into the control framework to handle
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sensor uncertainties, disturbances, and potential generator-side measurement degradation.
It will be shown that the estimation errors and tracking errors of the closed-loop system are
uniformly ultimately bounded.

Define the observer estimation errors as

w = Wy — Wiy (15)
ef=f—f
According to the system dynamics and the ESO in (8), the error dynamics can be

derived as
¢g = ew — B1fal(eq, a1,0)

by = €f - ,Bzfal(eg, o, (5) (16)
ér = —f — Bafal(eq, 3,0)

Consider the following Lyapunov candidate function:

1 1 1
V= Eeg + EEZ’ + Eejzr (17)

Taking the time derivative of V yields

V = egég + ewbuw +egéy
= egew, — Pregfal(eg)
+ ewer — Baewfal(e)
—esf — Baegfal(ep)

The lumped disturbance f represents the combined effect of model uncertainties, exter-

(18)

nal disturbances (e.g., wind torque variations), and unmodeled dynamics. In practical wind
energy systems, these disturbances vary with finite rates due to physical and mechanical
constraints. Therefore, f and its derivative are assumed to be bounded, i.e.,

fl<L (19)

Then, using Young's inequality, the following inequalities hold:
1
ewe < Seq + 5ef (20)
Substituting the above inequalities into V yields

. 1 1
VS EE%"‘@&"‘E%‘FELZ
— Bregfal(eg) — Brew fal(eg) — ,33effal(69)

(21)

Define the error vector as e = [eg, €., € f]T. By properly tuning the observer gains f,
B2, and B3, the nonlinear feedback terms dominate the quadratic terms of the estimation
errors. Therefore, V can be bounded as

V< —Alef*+C (22)
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where A > 0 is a constant and C = %L2.

Therefore, the estimation errors ¢y, e,,, and e ¢ are uniformly ultimately bounded. Due
to the disturbance compensation incorporated in the control law, the tracking error of the
closed-loop system is also uniformly ultimately bounded. These results indicate that the
proposed load-side encoder-based redundant control framework can maintain stable oper-
ation in the presence of disturbances, uncertainties, and generator-side sensor degradation.

3. Results

In this section, MATLAB/Simulink (R2023a) simulations are carried out to evaluate the
proposed load-side encoder-based redundant control framework. The simulation model is
established based on a 300 kW PMSG wind turbine system, and the key parameters are listed
in Table 1. Four cases are considered under step, ramp, turbulent, and parameter-perturbed
conditions, as summarized in Table 2. The dynamic responses of the proposed ESO-based
method and the conventional PI controller are compared in the following figures.

The PI controller is selected as the baseline because it is widely used in practical wind
energy conversion systems. The comparison is intended to evaluate the improvement
brought by the proposed redundancy-and-compensation framework under the considered
load-side encoder feedback configuration. More advanced controllers, such as SMC and
MPC, may also be incorporated into the proposed framework and will be investigated in
future work.

Table 1. Nominal Parameters of the PMSG Wind Turbine System.

Parameter Symbol Value
Moment of inertia (kg'mz) i 60
Viscous friction coefficient (N-m-s/rad) B 0.078
Number of pole pairs np 12
Permanent magnet flux (Wb) ¥y 3.88889
Stator resistance ((2) R; 0.025
Stator inductance (mH) L 3.6

Air density (kg~m_3) 0 1.2
Blade radius (m) R 12
Rated wind speed (m/s) Uy 4

Table 2. Simulation conditions.

Case Wind Conditions

Case A Step changes of wind speed.

Case B Continuous ramp-up and ramp-down of wind speed.

Case C  Superimposed turbulent fluctuations of wind speed.

Case D Continuous ramp-up and ramp-down of wind speed with a 20% increase in
stator resistance and inductance of the PMSG.

Case A: Figures 2 and 3 illustrate the simulation results for Case A. Figure 2 contains
two subplots, where the upper one illustrates the wind speed profile with step variations,
and the lower one shows the corresponding power coefficient (Cp). It can be observed
that C, remains stable around 0.48, indicating effective maximum power point tracking.
Figure 3 shows the rotor speed response and the corresponding tracking error for both
the proposed ESO-based method and the conventional PI controller. Both methods are
able to track the reference speed; however, the proposed method exhibits faster transient
response and smaller tracking error, particularly during sudden wind speed changes. In
addition, the RMSE of the proposed method is 0.9476, significantly lower than that of the
PI controller (1.7650), which quantitatively confirms the improved tracking accuracy. These
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results indicate that the proposed method improves transient tracking performance under
step wind conditions.

Wind Speed (m/s)

045 p——
0.35
0.25
0.15
0.05

0 0.5 1 1.5 2 2.5 3
Time (s)

Figure 2. Simulation results for Case A: Wind speed and corresponding power coefficient Cp,.
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-5 - .
0 0.5 1 1.5 2 2.5 3
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Figure 3. Simulation results for Case A: Speed response and speed error.

Case B: Figures 4 and 5 illustrate the simulation results under ramp wind conditions.
As shown in Figure 4, the wind speed varies smoothly, and the corresponding power
coefficient C, remains close to 0.48 with only minor fluctuations, indicating stable maximum
power point tracking performance. Figure 5 compares the rotor speed responses and
tracking errors of the proposed ESO-based method and the conventional PI controller.
Both methods achieve satisfactory tracking performance; however, the proposed method
exhibits smaller tracking error throughout the process. The RMSE of the proposed method
is 0.6546, which is lower than that of the PI controller (1.3417) and also smaller than that
in Case A. This indicates that the proposed method maintains accurate tracking under
smoother wind variation conditions.

Case C: Figures 6 and 7 illustrate the simulation results under turbulent wind con-
ditions. As shown in Figure 6, the wind speed exhibits random and high-frequency
fluctuations, resulting in noticeable variations in the power coefficient C,,, which remains
close to its optimal operating range. Figure 7 compares the rotor speed responses and
tracking errors of the proposed ESO-based method and the conventional PI controller.
Under highly fluctuating wind conditions, both methods are able to follow the reference
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speed; however, the PI controller exhibits more pronounced oscillations, whereas the pro-
posed method achieves smoother responses with reduced tracking error. The RMSE of
the proposed method is 0.3414, which is significantly lower than that of the PI controller
(0.6599). These results show that the proposed method maintains smoother speed tracking
under turbulent wind conditions.

Wind Speed (m/s)

Cp
0.480 ‘ ‘ ‘ ‘ ‘

0478 } [ .
0.476

0.474
0.472

w A U

. 3
Time (s)

Figure 4. Simulation results for Case B: Wind speed and corresponding power coefficient Cy,.

Speed (r/min)
30 | SN — ESO
" N / i
10
0 ‘ ‘
Speed Error (r/min)
| | — ESO
T B PI
O \ /- w‘:": -:'1 |--./r,F—
—1 ! Il
i | ‘
0 1 2 3 4 5
Time (s)

Figure 5. Simulation results for Case B: Speed response and speed error.

Case D: Figures 8 and 9 illustrate the simulation results under parameter uncertainty,
where the stator resistance and inductance are increased by 20%. This case is introduced as a
sensitivity test to examine whether the selected ESO gains and the proposed compensation
strategy remain effective when the electrical parameters deviate from their nominal values.
The same ramp wind profile as in Case B is applied for comparison. As shown in Figure 9,
the rotor speed response of the proposed ESO-based method remains nearly unchanged
compared to that in Case B, indicating that the tracking performance is only marginally af-
fected by parameter variations. Quantitatively, the RMSE of the proposed method changes
only from 0.6546 in Case B to 0.6583 in Case D, while the PI controller remains at a consid-
erably larger error level. This small performance variation indicates that the ESO-based
compensation remains effective under the 20% parameter perturbation. In contrast, pa-
rameter mismatches generally degrade control accuracy, especially for methods relying on
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nominal models. These results demonstrate that the proposed method exhibits robustness
against parameter uncertainties, owing to the ESO-based compensation mechanism.

Wind Speed (m/s)

0.480
0.478
0.476
0.474 ~
4 8 12 16 20
Time (s)

Figure 6. Simulation results for Case C: Wind speed and corresponding power coefficient C,.
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Figure 7. Simulation results for Case C: Speed response and speed error.

To quantitatively evaluate the tracking performance, the root mean square error
(RMSE) of the speed is summarized in Table 3. The proposed ESO-based redundant control
method with load-side encoder feedback consistently achieves lower RMSE values than the
conventional PI controller. This confirms its improved tracking accuracy and robustness
under different operating conditions.
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Figure 8. Simulation results for Case D: Wind speed and corresponding power coefficient Cp,.

Speed (r/min)
30 / —— kSO
20 F
10
4 |
0 ‘ ‘ .
Speed Error (r/min)
— ESO
————— PI
1
Svaana /
_—f |
1 ) 3 4 5
Time (s)

Figure 9. Simulation results for Case D: Speed response and speed error.

Table 3. RMSE comparison under different operating conditions.

Case ESO RMSE PI RMSE
Case A (Step) 0.9476 1.7650
Case B (Ramp) 0.6546 1.3417
Case C (Turbulent) 0.3414 0.6599
Case D (Param) 0.6583 1.3514

4. Discussion

The simulation results demonstrate that the proposed load-side encoder-based re-
dundant control framework achieves improved tracking performance compared with
the conventional PI controller, with reduced speed fluctuations and faster dynamic re-
sponse. Moreover, the proposed method maintains stable operation under wind-speed
variations and parameter perturbations. These results validate the effectiveness of the
proposed framework for reliable operation under generator-side sensor degradation and
system uncertainties.
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The present simulations focus on validating the proposed redundant measurement
framework and its ESO-based compensation realization. More advanced control strate-
gies, such as SMC, MPC, and other ESO-based methods, can potentially be incorporated
into the same load-side encoder feedback framework. Future work will compare these
advanced controllers to further evaluate the generality and performance limits of the
proposed framework.

5. Conclusions

This paper proposes a load-side encoder-based redundant control framework for
PMSG-based wind energy conversion systems under generator-side measurement degra-
dation. Different from conventional ESO-based or fault-tolerant control strategies, the
proposed approach exploits the load-side encoder as an alternative measurement source,
enabling continuous operation without relying on generator-side sensors. To address the
challenges introduced by transmission dynamics and measurement mismatch, an ESO
is integrated to reconstruct system states and estimate lumped disturbances, allowing
accurate dynamic compensation under degraded measurement conditions.

Simulation results demonstrate that the proposed framework achieves improved tracking
performance and effectively suppresses speed fluctuations compared with the conventional
PI controller. Moreover, by combining measurement redundancy with disturbance estimation,
the proposed framework enhances system robustness and ensures reliable operation under
sensor degradation and parameter uncertainties, highlighting its potential for practical appli-
cations in wind energy conversion systems. Future work will investigate the integration of
advanced control strategies, such as sliding mode control and model predictive control, into
the proposed load-side encoder-based redundant framework. This will further evaluate its
applicability under different measurement and operating conditions.
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