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Abstract
Aero-engine is a complex thermal-mechanical system with strong nonlinearity, uncertainty, and time variation. Thus,
it is crucial to design an effective controller for such a complex system to obtain the desired performances of the aero-
engine. In recent years, model predictive control (MPC) has shown great potential in dealing with control problems
with complex constraints of multi-variable systems, which has been applied to aero-engine control, achieving good
results. Furthermore, the MPC strategy using an event-driven mechanism is good at balancing system resources and
ensuring system control performances. In this paper, the problem of event-triggered MPC for aero-engine systems
with bounded disturbances is studied. Firstly, an event-triggered strategy with a dynamic forced-trigger mechanism
is proposed. Then, an MPC algorithm based on an event-triggered mechanism is designed. Finally, an application to
the JT9D aero-engine model provided by T-MATS verifies the effectiveness of the designed algorithm. It is shown
that the calculation load is significantly reduced, which proves the superiority of this method.
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1. INTRODUCTION
An aero-engine is a complex thermal-mechanical system that is the heart of an aircraft and determines its
stability, safety, and reliability. An effective controller of an aero-engine is the key to guaranteeing the normal
operation of such a complex thermal-mechanical system and the safety of an aircraft. However, designing a
controller for an aero-engine remains a challenge due to its strong nonlinearity and time-varying characteris-
tics. Recently, a lot of works on aero-engine control have been carried out, for instance: [1–6]. Among them,
model predictive control (MPC) has gained significant attention due to its remarkable control effectiveness.

MPC has been favored in the field of industrial process control since it was first proposed in the 1970s [7]. With
its great potential in dealing with control problems with complex constraints of multi-variable systems, some
interesting results aboutMPChave been presented [8–12]. In themeantime, due to the fact thatMPC is amethod
based on time rolling optimization, the long prediction time domain and the uncertainty of a systemmake the
online optimization much more complicated. A system frequently performs the rolling solution of complex
optimization control problems, resulting in a heavy burden on the online calculation of a controller, which
has become the main difficulty hindering the practical application of predictive control methods. Currently,
reducing the computational load of online calculations is a key focus in enhancing the efficiency of MPC.

It is worth mentioning that in the 1990s, work [13] first proposed a control scheme based on an event-driven
mechanism. The so-called event-triggered control means that a designer considers detailed system behavior
when designing a controller and uses it as the signal to trigger control actions. When corresponding event-
driven conditions are satisfied, a system is driven to carry out the next operation. In this way, system resources
can be saved without affecting control performances. Hence, the combination of an event-triggered strategy
and MPC named event-triggered MPC (EMPC) has the potential to reduce the frequency of solving opti-
mization problems and save system resources without affecting control performances. Based on the above
advantages, great attention has been paid to studying event-triggered strategies and various interesting results
for EMPC are reported; for example, work [14] has studied an EMPC strategy for continuous-time nonlinear
systems, and an event-triggered condition has been designed bymeasuring errors between the tracking outputs
and the reference; work [15] has proposed a new aperiodic formulation ofMPC for nonlinear systems and some
new event-triggered conditions has been provided in which the optimal cost is not used as the Lyapunov func-
tion candidate; work [16] has proposed a robust EMPC scheme for linear time-invariant discrete-time systems
by designing an event condition based on a given probability distribution of disturbances acting on the system;
work [17] has proposed an adaptive threshold-based event-triggered mechanism that dynamically determines
the triggering time based on real-time performance of tracking; The article [18] has designed a local controller
based on the principle of event triggering, utilizing asynchronous impact control to develop a predictive con-
troller. However, onemay notice that the aero-enginemodel was always rarely mentioned as a complex control
model, and it still lacks an effective EMPC algorithm to be applied to the control of aero-engines, which is still
a challenging open issue [19].

Motivated by the above discussions, in this paper, we shall study the problem of MPC for aero-engine by
designing a novel event-triggering strategy with the aim of reducing computational load while stabilizing the
closed-loop system. The main contributions of this work are as follows:

1. An EMPC algorithm for tracking control of aero-engines is designed, which can reduce the computation
load compared to the traditional MPC method.

2. A dynamic force-trigger mechanism is proposed in the designed EMPC algorithm, which provides a more
flexible control strategy on the premise of ensuring system control performances.

The remainder of the paper is organized as follows. In Section II, the EMPC algorithm is designed in which two
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different trigger strategies are proposed. An application of tracking control of a JT9D aero-engine is studied
in Section III to show the effectiveness of the designed EMPC algorithm. Finally, the paper is concluded in
Section IV.

2. EMPC ALGORITHM DESIGN
In this section, we show the design of the EMPC algorithm, in which the two different trigger strategies are
presented.

2.1. Problem formulation
Consider an aero-engine model that is given in the following form:

¤𝑥(𝑡) = 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡),
𝑦(𝑡) = 𝐶𝑥(𝑡) + 𝐷𝑢(𝑡), (1)

where 𝑥(𝑡) ∈ R𝑛 is the system state, 𝑦 ∈ R𝑘 is the output, and 𝑢 ∈ R𝑚 is the control input. 𝐴, 𝐵, 𝐶, and 𝐷 are
constant matrices with appropriate dimensions. The output here contains the tracking output 𝑦𝑡 , such as the
speed of the fan or the core, and the limited output 𝑦𝑙 involving values such as the turbine inlet temperature, the
fan surge margin, and others. The control input may be composed of the fuel flow, the guide blade angle, and
the nozzle area. In addition, consider a pre-given reference 𝑦𝑟 , which represents the variation of the tracking
output. Specifically, we convert the nonlinear aero-engine system into a linear model using either the small
perturbation method or a built-in system identification toolkit. This approach is referenced in the paper [20].
The system (1) can be discretized as

𝑥(𝑘 + 1) = 𝐴𝑑𝑥(𝑘) + 𝐵𝑑Δ𝑢(𝑘),
𝑦(𝑘) = 𝐶𝑑𝑥(𝑘) + 𝐷𝑑Δ𝑢(𝑘),

(2)

where 𝐴𝑑 , 𝐵𝑑 , 𝐶𝑑 , and𝐷𝑑 are discretizedmatrices. Then, we introduce the extended state 𝑥𝑇𝑒 (𝑘) = [𝑥𝑇 (𝑘) 𝑢𝑇 (𝑘−
1)], and the system (2) can be transformed as

𝑥𝑒 (𝑘 + 1) = 𝐴𝑑𝑒𝑥𝑒 (𝑘) + 𝐵𝑑𝑒Δ𝑢(𝑘),
𝑦(𝑘) = 𝐶𝑑𝑒𝑥𝑒 (𝑘) + 𝐷𝑑Δ𝑢(𝑘),

(3)

where 𝐴𝑑𝑒 =

(
𝐴𝑑 𝐵𝑑

0 𝐼

)
, 𝐵𝑑𝑒 =

(
𝐵𝑑

𝐼

)
, and 𝐶𝑑𝑒 =

(
𝐶𝑑 𝐷𝑑

)
.

Then, we consider a tracking problem that can be formulated as the following optimization problem:

min
Δ𝑈

𝐽 =
𝑁𝑦∑
𝑘=1

(
𝑦𝑡 (𝑡 + 𝑘ℎ) − 𝑦𝑟 (𝑡 + 𝑘ℎ)

)𝑇
𝑃
(
𝑦𝑡 (𝑡 + 𝑘ℎ) − 𝑦𝑟 (𝑡 + 𝑘ℎ)

)
+

𝑁𝑢−1∑
𝑗=0

Δ𝑢(𝑡 + 𝑗 ℎ)𝑇𝑄Δ𝑢(𝑡 + 𝑗 ℎ), (4)

s.t. 𝑢min ≤ 𝑢(𝑡 + 𝑗 ℎ) ≤ 𝑢max,

𝑦min ≤ 𝑦𝑙 (𝑡 + 𝑘ℎ) ≤ 𝑦max,

where 𝑁𝑦 and 𝑁𝑢 stand for the prediction horizon and the control horizon, respectively; 𝑃 and 𝑄 are weight
matrices; ℎ is the sampling interval; the formulation (𝑡 + 𝑖ℎ) represents the prediction of the relevant variable
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after 𝑖 sampling times from current instant 𝑡; the subscripts 𝑚𝑎𝑥 and 𝑚𝑖𝑛 denote the maximum and minimum
limits of the related variable, respectively. In MPC, the reference is always given by 𝑦𝑟 (𝑘 + 𝑗) = 𝑦(𝑘) + (𝑦𝑟𝑒 𝑓 −
𝑦(𝑘)) (1 − 𝑒− 𝑗 ℎ/𝜏), where 𝑦𝑟𝑒 𝑓 is the target value, and 𝜏 is the time constant to make the tracking reference 𝑦𝑟
be a smooth curve.

According to the discrete system (3), the prediction of the system can be derived:

𝑋 (𝑘) = 𝐴𝑥𝑥(𝑘) + 𝐵𝑥Δ𝑈 (𝑘),
𝑌 (𝑘) = 𝐶𝑦𝑋 (𝑘) + 𝐷𝑦Δ𝑈 (𝑘), (5)

where

𝑋 (𝑘) =
©­­«
𝑥𝑒 (𝑘 + 1)

...

𝑥𝑒 (𝑘 + 𝑁𝑦)

ª®®¬ ,Δ𝑈 (𝑘) =
©­­«

Δ𝑢(𝑘)
...

Δ𝑢(𝑘 + 𝑁𝑢 − 1)

ª®®¬ ,

𝐴𝑥 =
©­­­«
𝐴𝑑𝑒

...

𝐴
𝑁𝑦

𝑑𝑒

ª®®®¬ ,

𝐵𝑥 =

©­­­­­­­­«

𝐵𝑑𝑒 0 0
...

...
...

𝐴𝑁𝑢−1
𝑑𝑒 𝐵𝑑𝑒 · · · 𝐵𝑑𝑒

...
...

...

𝐴
𝑁𝑦−1
𝑑𝑒 𝐵𝑑𝑒 · · · ∑𝑁𝑦−𝑁𝑢

𝑖=1 𝐴𝑖
𝑑𝑒𝐵𝑑𝑒

ª®®®®®®®®¬
,

𝑌 (𝑘) =
©­­«
𝑦𝑟 (𝑘 + 1)

...

𝑦𝑟 (𝑘 + 𝑁𝑦)

ª®®¬ , 𝐶𝑦 =
©­­­«
𝐶𝑑𝑒𝐴𝑑𝑒

...

𝐶𝑑𝑒𝐴
𝑁𝑦

𝑑𝑒

ª®®®¬ ,

𝐷𝑦 =

©­­­­­­­­«

𝐶𝑑𝑒𝐵𝑑𝑒 𝐷𝑑 0
...

...

𝐶𝑑𝑒𝐴
𝑁𝑢−1
𝑑𝑒 · · · 𝐶𝑑𝑒𝐵𝑑𝑒 + 𝐷𝑑

...
...

...

𝐶𝑑𝑒𝐴
𝑁𝑦−1
𝑑𝑒 𝐵𝑑𝑒 · · · 𝐶𝑑𝑒

∑𝑁𝑦−𝑁𝑢

𝑖=1 𝐴𝑖
𝑑𝑒𝐵𝑑𝑒 + 𝐷𝑑

ª®®®®®®®®¬
.

Applying the system (5) to the cost function (4), one obtains that

min
Δ𝑈

𝐽 =(𝐶𝑦𝑥𝑒 (𝑘) + 𝐷𝑦Δ𝑈 (𝑘) − 𝑦𝑟 (𝑘))𝑇𝑃(𝐶𝑦𝑥𝑒 (𝑘) + 𝐷𝑦Δ𝑈 (𝑘) − 𝑦𝑟 (𝑘)) + Δ𝑈 (𝑘)𝑇𝑄Δ𝑈 (𝑘). (6)

Let 𝑀 (𝑘) = 𝐶𝑦𝑥𝑒 (𝑘) − 𝑦𝑟 (𝑘), it can be derived from (6) that
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min
Δ𝑈

𝐽 =(𝑀 (𝑘) + 𝐷𝑦Δ𝑈 (𝑘))𝑇𝑃(𝑀 (𝑘) + 𝐷𝑦Δ𝑈 (𝑘)) + Δ𝑈 (𝑘)𝑇𝑄Δ𝑈 (𝑘),

which can be further transformed as the following quadratic programming:

min
Δ𝑈

𝐽 =Δ𝑈 (𝑘)𝑇 (𝐶𝑇
𝑦 𝑃𝐶𝑦 +𝑄𝐼)Δ𝑈 (𝑘) + 2𝑀 (𝑘)𝑇𝑃𝐶𝑦Δ𝑈 (𝑘) + 𝑀 (𝑘)𝑇𝑀 (𝑘). (7)

Note that the matrices 𝐶𝑦 and 𝐷𝑦 should be calculated by using the corresponding rows in 𝐶 and 𝐷. For
example, if 𝐶𝑡𝑥 = 𝑦𝑡 , then 𝐶𝑦 should be derived by using 𝐶𝑡 . Finally, the optimization problem (4) can be
transformed as the quadratic programming (7) with constrains 𝐴𝑖Δ𝑈 (𝑘) ≤ 𝑏(𝑘), where 𝐴𝑖 = (𝐷𝑦 ,−𝐷𝑦)𝑇 ,
𝑏(𝑘) = (𝐼,−𝐼)𝑇 .

By applying some traditional optimal methods, such quadratic programming is easy to solve. More details can
be found in [21,22]. However, we point out that when utilizing the traditional MPC method, the optimization
problem needs to be solved at each sampling time, which leads tomore computing load. Thus, in the following,
we shall focus on the design of the event-triggermechanism to reduce the frequency of solving the optimization
problem.

2.2. Event-Trigger Mechanism Design for MPC
The main idea of the event-triggered control is to design a threshold to check whether the control strategy
should be applied or the sampled information should be updated. In EMPC, the threshold is used to determine
whether the optimization problem should be solved to obtain a new control input sequence.

Consider the event

| |𝑦𝑡 (𝑡) − 𝑦𝑟 (𝑡) | | ≥ 𝛿,

where 𝛿 is the threshold. If the error between the tracking outputs and the reference exceeds the threshold,
then the event is triggered and the optimization problem (4) should be solved to derive a new control input
sequence. When the event is not triggered, determining the control input is a key problem in the design of
EMPC. A natural way is to upload the values in the derived control input sequence one by one if the event is not
triggered. For example, assume that at instant 𝑡𝑘 , the event is triggered. By solving the optimization problem,
a control input sequence 𝑢(𝑡𝑘 ), 𝑢(𝑡𝑘 + ℎ), ..., 𝑢(𝑡𝑘 + (𝑁𝑢 − 1)ℎ) is obtained and the first value 𝑢(𝑡𝑘 ) is updated
to the controller. At the next sampling instant 𝑡𝑘 + ℎ, if the event is not triggered, then update the second value
𝑢(𝑡𝑘 + ℎ) to the controller. Repeating this operation if the event is not triggered at the next following sampling
instants until the last value 𝑢(𝑡𝑘 + (𝑁𝑢 − 1)ℎ) is updated to the controller. Then, at the next control horizon,
the event should be triggered by force. Thus, such a strategy contains a forced-trigger mechanism, and the
maximum trigger interval is equal to the control horizon 𝑁𝑢 . The event-trigger mechanism is presented as
follows:

𝑡𝑘 = min
{
𝑡∗𝑘 , 𝑡𝑘−1 + 𝑁𝑢ℎ

}
,

𝑡∗𝑘 = inf
{
𝑡 ≥ 𝑡𝑘−1

��| |𝑦𝑡 (𝑡) − 𝑦𝑟 (𝑡) | | ≥ 𝛿
}
.

(8)
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There is no doubt that applying such an event-trigger mechanism can reduce the frequency of solving the
optimization problem while maintaining the control effect of MPC, mostly since the control input is all based
on the optimized control input sequence. However, during the transient state process, the control input may
not change frequently; for example, the input reaches its upper bound and maintains its maximum input value
to obtain a maximum acceleration of the aero-engine. In addition, after the last value of the optimized control
input sequencewas updated, if the event is still not triggered at the next sampling instant, then it implies that the
error between the tracking output and the reference remains in a reasonable region. Hence, the optimization
problem may not necessarily be solved to refresh the control input. Here, we give another way to determine
the value of the control input:

Repeat to upload the optimized control input sequence values to the controller one by one if the event is not
triggered until the last value of the sequence is uploaded. If the event is still not triggered at the next sampling
instant 𝑡𝑘 + 𝑁𝑢ℎ, then take a ZOH to maintain the last input value, i.e., 𝑢(𝑡𝑘 + 𝑁𝑢ℎ) = 𝑢(𝑡𝑘 + (𝑁𝑢 − 1)ℎ). In
this way, the optimization problem will not be solved immediately until the event is triggered. However, such
a strategy certainly reduces the control effectiveness. Thus, we introduce a dynamic forced-trigger mechanism
to maintain satisfactory control effectiveness. Consider the following dynamic forced-trigger interval that is
related to the variation of the reference.

𝑇 (𝛿𝑦𝑟 ) =


𝑇1, 0 ≤ ||𝛿𝑦𝑟 | | < 𝜍1
𝑇2, 𝜍1 ≤ ||𝛿𝑦𝑟 | | < 𝜍2
... ,

...

𝑇𝑛, 𝜍𝑛−1 ≤ ||𝛿𝑦𝑟 | | < 𝜍𝑛

where 𝑇𝑛 are positive integers, 𝜍𝑛 are positive constants, and 𝑛 ∈ Z+. It provides different forced-trigger in-
tervals according to the changing trend of the reference. Then, the total event-trigger mechanism is given as
follows:

𝑡𝑘 = min
{
𝑡∗𝑘 , 𝑡𝑘−1 + 𝑇 (𝛿𝑦𝑟 )ℎ

}
,

𝑡∗𝑘 = inf
{
𝑡 ≥ 𝑡𝑘−1

��| |𝑦𝑡 (𝑡) − 𝑦𝑟 (𝑡) | | ≥ 𝛿
}
.

(9)

Up to now, the EMPC strategy has been designed. The algorithm is presented in Algorithm 1.

In the following, we shall use a dual spool high bypass engine JT9D provided in T-MATS [23] to verify the
effectiveness of the designed EMPC algorithm.

3. APPLICATION
The objective is to control the speed of the low-pressure turbine 𝑛𝑙 of the JT9D aero-engine to track the pre-
given reference presented in Figure 1. Note that the reference trajectory contains three different transient states:
two acceleration processes and one moderating process. Assume that the aero-engine and the reference are
working at the same steady state at first, then the transient state and the control process are started at the node
B, i.e., 0.5 seconds. The control input is the fuel-to-air ratio 𝑟 𝑓 𝑎 , and the limited outputs are the temperature
after the high-pressure turbine 𝑇 and the fan surge margin 𝑆𝑀 𝑓 . During the transient state process, we require
that 𝑇 ≤ 2150𝑅 and 𝑆𝑀 𝑓 ≥ 15%. For comparison, both the two event-trigger mechanisms, (8) and (9), and
the traditional MPC are applied.

Let us first establish a state-space model (1), where 𝐴 =

(
−0.03551 0.2655
0.06657 −0.4978

)
, 𝐵 =

(
0.00002104
−0.00003945

)
, 𝐶 =

http://dx.doi.org/10.20517/ces.2023.22
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Algorithm 1 Pseudo code of EMPC: Set the prediction horizon 𝑁𝑦 , the control horizon 𝑁𝑢 , the threshold 𝛿, the forced-trigger interval 𝑇 ( ¤𝑦𝑟 ), and the
terminal condition.
1: 𝑘 = 0;
2: if 𝑘 = 0
3: solve the optimization problem to obtain the control input sequence 𝑢(𝑘ℎ) , ..., 𝑢( (𝑘 + 𝑁𝑢 − 1)ℎ);
4: upload 𝑢(𝑘ℎ) to the controller;
5: 𝑗 = 0;
6: 𝑘 = 𝑘 + 1;
7: else
8: if | |𝑦𝑡 (𝑘ℎ) − 𝑦𝑟 (𝑘ℎ) | | ≥ 𝛿 or 𝑗 = 𝑇 ( ¤𝑦𝑟 );
9: solve the optimization problem to obtain the control input sequence 𝑢(𝑘ℎ) , ..., 𝑢( (𝑘 + 𝑁𝑢 − 1)ℎ);
10: upload 𝑢(𝑘ℎ) to the controller;
11: 𝑗 = 0;
12: 𝑘 = 𝑘 + 1;
13: else
14: if 𝑗 + 1 ≤ 𝑁𝑢

15: upload 𝑢( (𝑘 + 𝑗 + 1)ℎ) to the controller;
16: 𝑗 = 𝑗 + 1;
17: 𝑘 = 𝑘 + 1;
18: else
19: upload 𝑢( (𝑘 + 𝑁𝑢 − 1)ℎ) to the controller;
20: 𝑗 = 𝑗 + 1;
21: 𝑘 = 𝑘 + 1;
22: end if
23: end if
24: end if
25: go to step 2 until the terminal condition is satisfied.
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Figure 1. The reference.

(
0.01252 −0.2995
0.2568 −0.01826

)
, and 𝐷 =

(
0
0

)
[24].

The traditional MPC is first applied. The simulation step size ℎ = 0.01𝑠, and we set 𝑁𝑦 = 𝑁𝑢 = 3ℎ. The simu-
lation results are illustrated in Figure 2. It is obvious that the MPC method has already achieved a satisfactory
control effect. The tracking error is less than 0.33%, and the limited outputs 𝑇 and 𝑆𝑀 𝑓 stay within their
limits. Next, we apply the event-trigger mechanism (8) to the JT9D aero-engine under the same conditions
(ℎ = 0.01𝑠, 𝑁𝑦 = 𝑁𝑢 = 3ℎ). Setting the threshold 𝛿 = 1, then the simulation results are given in Figure 3,
where the tracking result and the tracking error are illustrated in (a) and (b), respectively. It is easy to see that
the EMPC with (8) also yields a satisfactory control effect since the tracking result is almost the same as the
MPC method. The tracking error increases only when the reference changes its working state, such as at the
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Figure 2. Simulation results for MPC method. MPC: model predictive control.

nodes B, E, and F. But it remains in a reasonable range. There is no doubt that the temperature after the high-
pressure turbine 𝑇 and the fan surge margin 𝑆𝑀 𝑓 also do not exceed their restrictions during the transient
state, benefiting from the strong ability of constraint management of MPC methods. Finally, the EMPC with
an event-triggered mechanism (9) is utilized. Similarly, setting ℎ = 0.01𝑠, 𝑁𝑦 = 𝑁𝑢 = 3ℎ, and 𝛿 = 1. The
dynamic force-trigger interval is designed as

𝑇 (𝛿𝑦𝑟 ) =
{

5, 0 ≤ ||𝛿𝑦𝑟 | | < 100
10, 100 ≤ ||𝛿𝑦𝑟 | |

The main idea is to enlarge the force-trigger interval if the reference speed increases with a certain accelera-
tion to reduce the computation load, but if the reference switches into a steady state or a small transient state,
shorten the force-trigger interval to reduce the possible overshot caused by the system inertia. Then, the simu-
lation results are shown in Figure 4. To save space, only the tracking result and the tracking error are illustrated
(see Figure 4 (a) and (b), respectively). The simulations for 𝑇 and 𝑆𝑀 𝑓 are omitted here since they are almost
the same as the results simulated using MPCmethods. One may observe that the EMPCmethod with (9) also
achieves a good control effect. While the tracking error is bigger than the previously used two methods when
the reference changes its variation such as the nodes C, E, and F, the total tracking error is less than 0.25%.
Hence, we claim that the control performance of the two designed EMPC algorithms is comparable to that of
the traditional MPC method. For further comparison, we display the trigger instants generated by the three
algorithms in Figure 5, where the red points stand for the force-triggered instants and the blue points repre-
sent the event-triggered instants. We point out that when implementing the MPC method, the optimization
problem has been solved up to 201 times. But when applying the EMPC method, the computation load is
reduced significantly: 120 times for EMPC with (8) and 80 times for EMPC with (9). Especially benefited by
the dynamic force-triggered mechanism, there is no need to solve the optimization problem frequently when
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Figure 3. Simulation results for EMPC method with (8). EMPC: event-triggered model predictive control.
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Figure 4. Simulation results for EMPC method with (9). EMPC: event-triggered model predictive control.

utilizing strategy (9). For example, during the time interval [1.2, 1.7], the optimization problem is only solved
for eight times.

To summarize, the designed EMPC algorithm could reduce the computation load than the traditional MPC
method. In addition, the proposed dynamic force-trigger mechanism can provide a more flexible control
strategy on the premise of ensuring the control performance.
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Figure 5. Trigger instants.

4. CONCLUSION
In this paper, an EMPC mechanism is proposed for aero-engine tracking, in which a dynamic forced trigger
interval is designed. The tracking effect of the control method is basically guaranteed, and the frequency
of solving the optimization problem is greatly reduced. This implies that the computer resources are saved.
The relevant simulation experiments are carried out on the JT9D model provided by T-MATS, effectively
demonstrating the theoretical results and computational efficiency of EMPC.
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