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simultaneous fault estimation and compensation. This integration significantly enhances
fault tolerance and control accuracy. Simulation results demonstrate that the proposed
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aero-engine operation within predefined safety constraints. The approach is shown to be
robust and capable of maintaining system stability under adverse conditions.
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1. Introduction

Aviation safety is of critical importance in the aerospace industry, particularly in the design and control of
aero-engine systems. Actuators are essential for regulating key operational parameters, such as fuel supply and
rotor speed, to ensure stable and efficient engine performance. However, harsh operating conditions and prolonged
component aging can result in actuator faults, which may degrade control accuracy and, in severe cases, lead to
system failures. As a result, fault-tolerant control (FTC) for actuator faults in aero-engine systems has emerged as a
significant area of research [1-3]. Despite significant advancements, the development of effective fault-tolerant
control (FTC) strategies for aero-engines remains challenging due to the inherent complexity of engine dynamics,
stringent safety requirements, and the persistent demand for optimal performance. These challenges underscore the
need for innovative approaches that can simultaneously enhance system reliability and robustness under various
fault conditions while maintaining operational efficiency.

Fault detection and estimation through observer-based adaptive methods with feedback compensation is
extensively utilized in modern control systems [4, 5]. Among the most widely adopted observers for fault estimation
are the H, observer [6—8], Luenberger observer [9, 10], adaptive observer [1 1, 12], and extended state observer
(ESO) [13, 14]. Notably, ESO-based approaches model actuator faults as additional state variables, facilitating
the development of fault-tolerant control strategies that ensure closed-loop system stability. Stability analysis is
generally performed using Lyapunov theory to validate the feasibility of both fault reconstruction and fault-tolerant
control. This theoretical framework provides a robust foundation for ensuring system reliability and performance
under fault conditions. While observer-based methods are effective in predicting faults, detecting fault signals, and
mitigating external disturbances, the accuracy of fault estimation plays a critical role in determining overall control
performance. To enhance estimation accuracy, Wang [15] proposed a finite-time extended state observer for estimating
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the lumped disturbance caused by actuator faults in spacecraft systems. A novel bounded barrier Lyapunov function
(BLF) was introduced to address singularities and excessive control efforts associated with traditional BLF methods
and homeomorphic mapping techniques in the presence of actuator faults. Furthermore, Huang [16] developed a
k-step fault estimation observer that utilizes historical fault information over k steps to more precisely characterize
fault dynamics in terms of both magnitude and shape. Qi [17] proposed an advanced fault estimation methodology,
introducing an integral compensation function observer to estimate disturbances in uncertain systems, this approach
effectively addresses the limitations associated with conventional linear extended state observers, and a significant
improvement in estimation accuracy is achieved. These advancements collectively contribute to the development of
more robust and reliable fault-tolerant control strategies.

The design of fault-tolerant controllers is critical for enhancing actuator fault resilience in aero-engine control
systems. Based on fault estimation, Li [ 18] proposed an output feedback-based fault-tolerant control (FTC) strategy,
where sufficient conditions for both the observer and controller are formulated using linear matrix inequalities
(LMIs) to ensure closed-loop system stability. However, the effectiveness of feedback-based FTC strategies is
heavily reliant on model accuracy, and their performance can degrade significantly under parameter variations
and external disturbances. To address these limitations, sliding mode control (SMC) has been widely adopted due
to its robustness against model uncertainties and external perturbations. Through the appropriate design of the
sliding mode surface, SMC enables rapid control adaptation and ensures system stability under varying dynamic
conditions [19, 20]. Nevertheless, SMC lacks predictive capabilities, which restricts its effectiveness in handling
input constraints and optimizing overall control performance. To overcome this drawback, model predictive fault-
tolerant control (MPFTC) integrates model predictive control (MPC) with fault-tolerant mechanisms, explicitly
accounting for system constraints while compensating for actuator faults. Zhang [21] proposed an MPC framework
based on Quantum-behaved Particle Swarm Optimization (QPSO) with speed-constrained optimization for the
Human Occupied Vehicle (HOV) system, effectively mitigating speed jumps caused by thruster faults and achieving
smooth dynamic tracking. Similarly, Shi [22] addressed actuator random failures in discrete-time linear systems by
constructing a transition probability matrix to model state evolution.A robust predictive fault-tolerant switching
control strategy is developed to ensure system stability by leveraging historical data and system dynamics for fault
prediction. The proposed predictive capabilities significantly enhance system resilience, improve fault-tolerant
performance, and contribute to the safe and efficient operation of aero-engine control systems [23, 24].

As the core of modern aircraft propulsion systems, twin-spool turbofan engines’ control system reliability
directly impacts flight safety and operational economics. With continuously increasing performance demands,
critical actuators such as low-Pressure Compressor Variable Stator Vanes (VSV) and Fuel Metering Units (FMU)
are facing increasingly severe operating conditions. According to statistics from the International Aviation Safety
Database , 43% of engine in-flight shutdown incidents caused by actuator faults over the past five years originated
from actuator jamming or position feedback anomalies, with VSV system failures accounting for as much as 28%.

Motivated by the aforementioned challenges and advancements, this paper proposes a model MPFTC strategy
based on an n-step ESO to address actuator faults in aero-engine control systems. The key contributions of this
work are summarized as follows:

(1) Building upon conventional ESO methodologies, the proposed n-step ESO significantly enhances the
accuracy of fault signal estimation through multi-step estimation . Additionally, the parameter n can be customized to
align with the specific dynamics of the system, thereby improving the observer’s adaptability and practical applicability.

(2) Unlike traditional observer-based fault-tolerant control strategies that depend exclusively on feedback
compensation, the proposed approach directly incorporates the estimated fault signal into the predictive model. This
integration enables simultaneous fault estimation and prediction, thereby enhancing the controller’s responsiveness
and improving the fault tolerance of the aero-engine system.

(3) The proposed fault-tolerant control scheme explicitly addresses actuator saturation constraints, ensuring
safe and reliable engine operation while maintaining optimal performance under faulty conditions.

2. Main Result
2.1. Linear Modeling of an Aero-Engine

In this study, a two-shaft engine is modeled, with the engine rotor being the only energy storage component
considered. Since the thermal inertia of the component is substantially smaller than that of the rotor, non-stationary
heat transfer between the hot component, the rotor, and the surrounding medium is neglected. Under these
assumptions, the dynamic behavior of the engine is governed by the equilibrium equations of the two rotors,
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expressed as:
T dng
%JHdd—tH =AMy 0
;—OJLde =AMy’

where Jg and Jp, denote the moments of inertia of the engine’s low-pressure and low-pressure rotors, respectively,
and AMp and AM|, represent the residual moments of the low-pressure and low-pressure rotors, respectively.
Based on the engine operating principles, the residual moments of the low-pressure and low-pressure rotors are
defined as:
{AMH = AMu(nu,nr, gm, g, As, p2, T2) @)
AMp = AMp(ng,nr, gm, 1, As, p2, T2)

For simplicity in analysis, it is assumed that the flight conditions remain constant. Equation (2) is linearized,
and the linear state-space equations of the engine are derived by extracting power from the low-pressure and
low-pressure rotors. The engine input is sequentially varied within small ranges around the steady-state operating
point, and the variations in the rotational speeds of the low- and low-pressure rotors, along with other parameters,
are calculated through a balancing process as follows:

{ i(t) = Ax(t) + Bu(t) + Cfa(t) 3)

y(t) = Cna(t) ’

where x = [An H An L] T, with Ang and Any, representing the variations in the low-pressure and low-pressure
rotor speeds, respectively. Here, u(t) denotes the change in fuel quantity, and f,(¢) represents the actuator
fault signal.

Discretizing the system (2) with respect to the sampling period 7 results in the following discrete system model:

{ x(k+1) = ®x(k) + Tu(k) + Fafa(k). @

y(k) = Ca(k)

Define z(k) = [z(k) fa(k)] ” Based on Equation (4), the following discrete-time system equation for the
expanded system can be derived:

{ #(k +1) = Az(k) + Bu(k) + H(k)

y(k) = Cni / ©

=)

where A — [‘(I)’ ﬂ,é - Hc — [Cp OLH(E)=[0 AR Ah= fulk +1) - fa(k).

2.2. Design and Analysis of N-Step Extended State Observer

Considering the engine system described by Equation (5), which incorporates actuator faults, the one-step
extended state fault-tolerant observer is designed as follows:

2z1(k 4+ 1) = @z (k) + Tu(k)
+K1(y(k) — Cmzy1(k)) , (6)
2fa (B +1) = 2p,, (k) + K (y(k) — Cmz (F))

where 2,1 represents the state of the one-step observer, zy,, denotes the first estimate of fa(k), and K; and Ky
represent the observer gains. Furthermore, Equation (6) can be expressed in the following expanded form as a
state observer:

{ z2(k+1) = Az (k) + Bu(k) + L(y(k) — Cpz1(k)) @
Define 1 (k) = w(k) — 2o (). e, (k) = fa(k) — 2f,, (k). and €1 (k) = [eq1 (k) ey, (k)]
Based on system (7) and system (5), the error estimation system can be constructed as follows:
{ el(k—i— 1) ? (A—L77n)61(l€) +Il (8)
eyl(k) = Cper(k) ’

where Iy = H(k).
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To enhance the estimation accuracy of the observer, the two-step extended state fault-tolerant observer for
system (5), building upon the one-step observer, is designed as follows:

Zzo(k 4+ 1) = ®Pzpo(k) + Tu(k)
+K1(y(k) — Cmzaz(K))

2 (K +1)= 24,5 (k) + Ka(y(k) — Cmzaa(K))
+ A zp,, (k+1)

©))

where z,, represents the state of the two-step observer, zy,, denotes the second estimate of f,(k), and K, and
K, represent the observer gains. Furthermore, Equation (9) can be expressed in the following expanded form as a
state observer:

22(k +1) = Azy(k) + Bu(k) + L(y(k) — C22(k))
X = (10)
J2(k) = Crz2(k)
T
Define ey2(k) = (k) — zu2(k), 1, (k) = fa(k) — 25,, (k). e2(k) = [ewa(k) e, (k)]
Based on systems (5) and (10) , the error estimation system can be constructed as follows:
ey2(k) = Cmea(k) 7
where Iy = [0 Ah— Azp, (k)]
The n-step extended state fault-tolerant observer is designed as follows:
Zen(k+1) = Pzppn(k) + Tu(k)

Zfa(n)(k +1)= Zfa<n)(k) + Ko (y(k) — Crpzan(k))
+ A Zfuin_1 (k‘ + 1)

where 2, represents the state of the n-step observer, zy, ., (k) denotes the n-step estimate of f,(k), and K7 and
K, represent the observer gains. Furthermore, Equation (12) can be expressed in the following expanded form as a
state observer:

{ 2n(k +1) = Az, (k) + Bu(k) + L(y(k) — Crzn(k)) . (13)

On(k) = Crzn (k)
Similar to the two-step observer, the error estimation based on the original state (5) and (13) can be established
as follows:

{ en(k+1) = (A — LOy)en(k) + I, 14

eyn(k) = émen(k) ’

T
where I, = [O Ah— Azg, .y (k:)} .

Theorem 1. Define A — LC,,, = V. If V is a Hurwitz matrix, the state error predicted by the n-step extended state
fault-tolerant controller is bounded.

Proof. The Lyapunov function is selected as V (e, (k)) = el (k)Ue, (k), where the matrix U is the unique solution
of the Lyapunov equation VXUV — U = —V, with U > 0 and V' > 0 being symmetric matrices.

AV (en(k41)) = V(en(k+ 1)) — V(en(k))
= (Ve, (k) + L, (k)TU(Ve, (k) + I,(k))
—en(k)TUe, (k) (15)
= —en (k) Ven (k) + 2L, (k)TU Ve, (k)
+ IT(E)UT,(K).

Let R(k) = e, (k)V/2, S(k) = I (k)UVV Y2, M(k) = I (k)U'/2, then we have:

AV (en(k +1)) = — || R(k) — S(k) |I3

(16)
+ 11 S(k) (13 + 11 M(k) |13,
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if || en(k) 2>l LT (R)UW |lo +(| LT (R)UW |3 + [| L (k)U'/? [3), and V' = I, then || R(k) [l2>[| S(k) ||

+(I S(k) 113 + || R(k) [3)"/?, and since || R(k) — S(k) [l2>] R(k) 2 — || S(k) |2, it follows that ||
R(k) — S(k) [|3>]| S(k) |3 + || M (k) ||3. Thus, it can be shown that AV (e,,(k + 1)) < 0. This implies that
en (k) is decreasing , and consequently e,, (k) is bounded. O

2.3. Design of the MPC Fault-Tolerant Controller

The predictive fault-tolerant control method proposed in this study exhibits fundamental differences from
conventional state-observer-based approaches: while traditional methods require additional compensation control
law design after fault observation, our solution employs an n-step extended state observer to estimate fault signals
in real-time and online updates predictive model parameters, achieving adaptive reconfiguration of the control
law. This integrated design not only eliminates the need for designing separate compensation controllers as in
conventional methods, but more importantly unifies fault suppression and performance optimization within the
model predictive control framework.

By utilizing the n-step extended state observer, an accurate engine model incorporating actuator faults is
derived. The sequential application of model predictive control allows the engine system to operate optimally while
adhering to safety constraints. Instead of relying on the actual system model, Equation (13) is employed. The
structure of the entire system is illustrated in Figure 1.

- Fault |
| fa(k) ”
Y
u(k) uo(k) Enoine ‘
tﬂ MPC ——> Actuator ————> . R
o y(k)
y(k) ,L
y(k) one-step ESO
Y
‘ two-step ESO <—|
Zon (k) v | . Azgar (k)
n-step ESO «——— - *° n-Step State
Zfa(n) () Observer Structure
Az ja(n-1) (k) ADzgar(K)

Figure 1. Model predictive controller structure based on n-step observer.

Compared to the actual model, the observer model integrates estimated actuator faults. As a result, the
system described by Equation (13) closely approximates the real-time online engine model after n—step observation,
effectively addressing system instability caused by actuator faults. Furthermore, by performing rolling optimization
within the model prediction framework, the current optimal inputs are predicted while explicitly incorporating
actuator fault signals.

Without loss of generality, the control objective is defined as *+ — x,, where z, represents the desired
low-pressure speed change. Therefore, the cost function J is defined as:

minJ = S || 2o (k +4) — zo(k +14) |3
+ | u(k) 115}
where N is the prediction horizon, P > 0, () > 0 are the weight matrix.

From the prediction model (13) equation, the predicted low-pressure rotational speed increment &, ;7 can be
obtained as follows:

; a7

Xor(k) = Ezy(k) + Fu(k — 1) + GAU (k) + S, (18)
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CLuAy

CZI(AAf + Ay) _
where Sy = ,Ap = L(y(k) — Crzn(K)).

Ceu ZN LAA
The performance index function (17) of the aircraft engine control system is derived as follows:

minJ =|| Xo(k) — Xor |3 + || AU(K) [
O(k) nL)TP(XO( ) - XnL)

+ AU(K)TQAU (k) . (19)

/\

(k)" PXo(k) — 2Xo(k)" PX 1. (k)

= X
+ X (k)T PX, (k) + AU (K)TQAU (k)

Bringing (18) into (19) yields min.J = AU (k)T (GT PG+Q) AU (k)+(2z,(k)T ET PG+2u(k—1)FT PG~
2X,1(k) PG + 2S5, PG)AU (k) + const.

P O --- 0 Q 0 -~ 0
~ 0O P --- 0 ~ 0 Q -~ 0

where P= | . .Q=1. . , const denotes a constant.
o 0 -.- P 0 0 -+ Q

The above optimization problem can be transformed into the following form for solution:
mind = 120U (k)TOAU (k) + TAU (k), (20)
where © = 2(GTPG + Q). T = 22, (k)" ET PG + 2u(k — 1)TFT PG — 2X,,,(k) + 25T P.
System constraints are incorporated into the performance metrics, with particular emphasis on fuel variation
and the rate of fuel variation. The constraints are defined as follows:
AUmin S A’&(k +.7 | k) S Aum,arc
Umin S ﬂ(k +] | k) S Umax

The above constraints can be transformed into a matrix form as follows:

pulorw= (7]

my = [Aumaz cee Aumam _Aumin te _Aumzn] g
Mo = [Umaz —u(k —1) -+ Upage — ulk — 1)
~tmin +u(k —1) - = Upin + u(k — 1)]"

The above optimization problem can thus be transformed into a standard quadratic programming problem and
thus solved:

UK)TOAU(K) + TAU (k),

St {Ml]Af](k) < {ml]

ma

minJ =

N =
>

2

The optimal inputs for achieving the desired engine speed under actuator fault conditions are determined
through Algorithm 1, which is developed based on the proposed n-step extended state observer and model predictive
control framework. The algorithm systematically outlines the necessary steps to ensure accurate and efficient
control performance.
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Algorithm 1 MPC based on n-step observer structure

1: Set the initial sampling time k& = 1,initialize the system’s estimated state z1(1) ... z,(1), and input u(0)

2: While system state has not reached setpoint, do
3: Compute next-step state estimates for each observer sequentially using Equation (13)
4:  Solve the problem (20) to obtain the optimal input AU* (k)
5: Take Au*(k) in AU*(k) to obtain u*(k 4 1), and
then take w*(k + 1) into Equation (4)
6: Measure current output y(k + 1)
7: Update state estimates by substituting u*(k + 1), y(k + 1)
into observer Equation (13)
8 k=k+1
9: end

2.4. Stability Analysis

Theorem 2. The engine system is stabilized against continuous fault signals through the integration of K, into
MPC , as formulated in Equation (21), in conjunction with ESO gain L , which is derived in Theorem 1. This

approach ensures robust stability and effective fault tolerance within the control framework.

Proof. Define K x as the input gain obtained from the model predictive controller solution. By combining Equations (13)

and (14), and the control law, the engine system is given by:

#(k +1) = Az(k) + Br(k),

x(k+1) In(k)] =
(k) = (k) = ,A:{A+5Kﬂc Bf],B:B FO

en(k+1) fa(k)

For the above system, the Lyapunov function in the form of Equation (23) is chosen as follows:

V(x(k),en(k)) = 2(k)" P(k) + yen (k)" Qen(k),
where, 7 is a regulation parameter, usually used for the performance or stability of a control system.
Define AV (z(k+1),en(k+ 1)) =V(x(k+1),en(k+1)) — V(x(k),en(k)) , then
AV(z(k+1),e,(k+1))
=27 (k+1)Px(k+1) + el (k+1)Qen(k + 1)
— 2" (k)P (k) — ve, (k)Qen (k).

Substituting Equation (22) into the above equation yields:

ek [l
Ja(B)| A1 fa(k)| <0,
en(k) en(k)
where,
A?PAf - P * *
A = FaTPAf FgPFa *

K'BTPA; K BTPT, K BTPBK — i

Vv=Q-9TQU, A; = A+ BK,.

(22)

(23)

(24)

(25)

Lety € ), and suppose there exist a matrix G and a scalar g such that the ellipsoid o = {y(k) | Gy(k)+¢g < 1}

serves as an external approximation of the set ().
It can be rewritten as:
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(Gy+9)"(Gy+g) < 1.

Rewriting the above equation in matrix form, we obtain:

{y(f)r w9 <o

GTG *
9'G g'g—1]
Combining Equations (25) and (27), we obtain:

where, Ay =

- T

k k
fa(/f)] Ay [fa(k) O] w1 <o
Len (k) en(k)
when y(k) = Cpz(k) is substituted into Equation (28) yields:
e®)7 Tak) 2(k)1" T[a(k)
fa(k) fa(k) fa(k) fa(k)
A _ A <
en(®)| ety |entt)| Mleatt)| =
1 1 1 1
where, A3 = [Al] ,
0
cCrGtGgo,, * = *
Ad — 0 0 = *
0 0 0 *
ffcc,, 0 0 gfg-1
Organizing the above equation yields:
Ay AT
<0,
A As| ™
where,
0 * *
Al= | TIPAjf r’pr, * )

K'BTPA; K BTPr, K BTPBEK —

0 =ATPA; — P - ACLGTGC,, A2 = [-Xg"GCy 0 0 —XgTg+A], Az =-AgTg+ A

Rewriting the above equation in the following form:

Ap
rr _
As— | mpr P[A; BK T, 0]>0,

0

P+ XCIGTGC,, x * *

0 0 = *

where, A5 = 0 0 .

AgTGCyr 0 0 XTg—2\

Intell. Control 2025, 1(1), 1

(26)

27)

(28)

(29)

(30)

3D
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Using the Schur complement,we can obtain:

P+ )\CIGTGC,, =+ * * *
0 0 * * *
0 0 vy 0 * (32)
AT GC 0 0 XTg—X =«
Ay By BK 0 P!
Here, we adopt the approach taken in the literature [25], and multiply both sides of the equation by
I 0 0 0 O
000 I O
p=10 0 0 0 I
0 I 0 0O
00 I 0O
and p 7', respectively.
Y (33)
O ~w|
where,
P+ )CIGTGC, * *
HE= AT GO, MgTg—1) | >0,
Af 0 P!
0 0 rr
= =T o7 |
0 0 K B
o 0 0
=l |

If y is large enough, by utilizing the Schur complement, we have yow — OZ~1O7 > 0, thus proving the stability of
the system.

3. Simulation and Experiments

In this paper, the numerical modeln;, = 96%mn e , Which is commonly used in aero-engine control, is
selected. This model is established based on the power extraction method, with detailed steps following the standard
modeling procedure. The resulting numerical model is given as follows:

A {—2.322 —0.509]’3

8460
3.5 —5.98

T
9974},07” =[1 0.C=[-798 -940.9] .

Set the sampling period 7' =0.005 s, the actuator fault signal is set to 5sin10t, and then discretize the system to

get the initial state of the system where the engine’s low and low voltage speed variations x(2) = [—300 —348] T,
the control constraints are: the rate of change of fuel quantity, A“T(k) < 0.05 kg/s, the maximum change of fuel
quantity At,q, = 0.6 kg, and the control objective is to make the change of low-pressure speed Any = 0 r/min.
The observation gain matrix of the ESO L = [1.5 1.5 —0.1]T is selected based on Theorem 1 , where the
prediction step in the model predictive control is N =5, and the corresponding weighting matrix is () = 0.1 and
R =1, set the sampling time T = 2.5 s. The proposed n-step observer’s effectiveness is validated by comparing
one-step and three-step observer performance (Figures 2 and 3). Results show the three-step observer achieves
significantly better fault signal estimation accuracy than the one-step observer, demonstrating the method’s enhanced
precision. The observer’s flexibility allows optimal step selection (n) based on system requirements for improved
fault estimation.

As illustrated in Figure 4, the integration of the one-step observer with the model predictive controller is
found to produce significant estimation errors, resulting in a misalignment between the observer model and the
actual system dynamics. This misalignment leads to failure in the rolling optimization process of the model
predictive control framework to generate an effective control response. Consequently, substantial fluctuations in
the low-pressure rotor speed are observed, preventing convergence to the desired set point. In contrast, Figure 5
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reveals that the proposed n-step observer enables the system to achieve and maintain the target rotational speed
without the oscillations observed in the one-step observer scenario. This improvement underscores the superior
predictive capability of the n-step observer, which not only enhances estimation accuracy but also supports the
rolling optimization process in generating optimal control inputs that comply with system constraints. Consequently,
the proposed approach significantly improves the system’s fault tolerance and overall control performance.

act

fa
o

0 0.5 1 1.5 2 25

Figure 2. Estimated and actual fault signal under of a one-step observer.

fa
o

0 0.5 1 1.5 2 25

Figure 3. Estimated and actual fault signal under of a three-step observer.

As shown in Figure 6, when the model predictive control is implemented with the three-step observer, the
estimation error between the observer and the actual system state is reduced as the number of observer steps
increases. This demonstrates that the three-step observer provides a more accurate representation of the system
dynamics compared to the one-step observer, thereby enhancing the predictive accuracy of the control process.
In practical applications, the number of observer steps can be tailored to meet the specific control performance
requirements of the system. By optimizing the number of steps, the estimation accuracy of the observer is improved,
leading to enhanced control effectiveness and overall system stability.

Furthermore, as depicted in Figure 7, the model predictive controller utilized in this study reveals that an
extended prediction horizon leads to a slower response of the engine system. Although a longer prediction horizon
enhances the controller’s capability to predict future system behavior, it also substantially increases computational
complexity. Therefore, the selection of an appropriate prediction horizon necessitates a trade-off between control
performance and computational efficiency, ensuring that the system achieves its specific performance requirements
while maintaining real-time feasibility.
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Figure 4. Changes in the response of the system under MPC control based on a one-step observer.
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Figure 5. Changes in the response of the system under MPC control based on a three-step observer.
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Figure 7. low voltage rotor speed variation with varying prediction horizon.

Additionally, to validate the applicability of the proposed method in predicting continuous fault signals, a
peak-like fault signal is introduced, as illustrated in Figure 8. This scenario is designed to evaluate the observer’s
capability to accurately estimate abrupt fault variations and to assess its effectiveness in real-time fault prediction
and compensation within the control framework.

The aforementioned fault signals are applied to the engine system, with both one-step and three-step extended
state observer configurations being employed for fault signal estimation. The corresponding results are presented in
Figures 9 and 10. As clearly demonstrated in these figures, although the one-step observer successfully predicts the
fault signal, its estimation accuracy is markedly inferior to that achieved by the three-step observer configuration.
This observation underscores the improved fault prediction performance of the three-step observer, demonstrating
its superior ability to provide more accurate fault estimations.

The dynamic response of the engine low-pressure spool speed in Figures 11 and 12 shows that the predictive
controller drives the rotor to converge to the steady-state operating point while satisfying all constraints. In the
presence of an actuator fault, the observer initiates the estimation of fault signals. A comparative analysis between
predictive control using the one-step and three-step observers reveals that the rotational speed fluctuation at the
steady-state operating point is significantly larger when the one-step observer is employed. Furthermore, the
fluctuation at the peak of the fault signal is approximately twice as large in the one-step observer compared to the
three-step observer. These findings demonstrate the enhanced fault tolerance and more stable performance of the
three-step observer in managing actuator faults.

Figure 8. A peak-like fault signal.
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Figure 12. Dynamic response of the system under three-step observer-based control.

4. Conclusions

This study proposes an n-step extended state observer, which achieves lower observation accuracy compared
to conventional extended state observers. Furthermore, unlike traditional feedback controllers that often disregard
system constraints, this work integrates model predictive control and incorporates the estimated fault signals into
the predictive model, thereby significantly enhancing control performance. The proposed MPC framework, based
on the n-step extended state observer, is validated through simulations, which demonstrate its effectiveness in
addressing actuator faults and optimizing system performance. The results underscore the advantages of the n-step
observer in delivering more accurate fault predictions, resulting in improved fault tolerance and stability in the

engine control system.
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