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Featured Application: This paper provides a novel hybrid grey wolf optimization algorithm and a
new nonlinear model predictive control method for aircraft engines. These contributions can also
be used for other kind of systems with constraints and performance optimization requirements.

Abstract: In order to deal with control constraints and the performance optimization requirements
in aircraft engines, a new nonlinear model predictive control method based on an elastic BP neural
network with a hybrid grey wolf optimizer is proposed in this paper. Based on the acquired aircraft
engines data, the elastic BP neural network is used to train the prediction model, and the grey wolf
optimization algorithm is applied to improve the selection of initial parameters in the elastic BP neural
network. The accuracy of network modeling is increased as a result. By introducing the logistics
chaotic sequence, the individual optimal search mechanism, and the cross operation, the novel hybrid
grey wolf optimization algorithm is proposed and then used in receding horizon optimization to
ensure real-time operation. Subsequently, a nonlinear model predictive controller for aircraft engine is
obtained. Simulation results show that, with constraints in the control signal, the proposed nonlinear
model predictive controller can guarantee that the aircraft engine has a satisfactory performance.

Keywords: aircraft engines; hybrid grey wolf optimizer; nonlinear model predictive control; elastic
BP neural network

1. Introduction

Predictive control is a model-based advanced control technique [1]. The working principle mainly
includes three modules: the predictive model, receding horizon optimization, and feedback correction.
In each control interval, the MPC algorithm attempts to optimize system behaviors, computes a future
manipulated variable adjustment sequence, then sends the first input to the system in an optimal
order, and repeats the entire calculation in subsequent control intervals. MPC can be divided into
linear MPC and nonlinear MPC. Linear MPC is an effective control strategy, widely used in the process
industry. However, many systems are essentially nonlinear. Nonlinear model predictive control
(NMPC) is the corresponding predictive control scheme for nonlinear systems [2]. Aircraft engines are
a class of complicated aerodynamic thermodynamic systems with strong nonlinearity, systems that
have a broad working range, complex working conditions, and inevitably many uncertainties such
as disturbance and unmodeled dynamics of actual situations. Therefore, aircraft engines are subject
to constraints during operation, and model predictive control can deal with constraints excellently.
Therefore, an increasing amount of attention has been paid to the application of NMPC in aircraft
engines [3-5].

Appl. Sci. 2019, 9, 1254; d0i:10.3390/app9061254 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://dx.doi.org/10.3390/app9061254
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/9/6/1254?type=check_update&version=2

Appl. Sci. 2019, 9, 1254 20f 16

Traditional NMPC is based on a nonlinear programming (NP) method to solve control law, such as
the sequential quadratic programming (SQP) method [6-8], but the initial condition of an NP method
is limited in its solution, and the algorithm easily falls into a local optimum. Existing intelligent
algorithms such as the genetic algorithm (GA) [9], the artificial bee colony algorithm (ABC), and the
particle swarm optimization algorithm (PSO) have been successfully used for many optimization
problems and have achieved results far superior to those of the traditional NP method. However, they
suffer from a slow convergence rate and a low computational accuracy for complex problems, and they
also easily fall into a local optimum [10-12]. Therefore, it is necessary to study an optimization method
with a strong searching ability, a high convergence speed, a high calculation accuracy, and a good
ability to handle constraints.

Some bio-heuristic optimization algorithms have been proposed in recent years, including the grey
wolf algorithm [13], the whale algorithm [14], the spider monkey algorithm [15], and the polar bear
algorithm [16]. The common feature of these newly bio-heuristics is that they optimize by simulating
the survival or predation mechanisms of biological populations. The grey wolf optimization (GWO)
algorithm is a new intelligent algorithm that was proposed in 2014. Compared with other intelligent
algorithms, the GWO has a faster convergence speed and a stronger search ability in solving function
optimization problems, so it has been applied to many optimization problems [17-19]. However, as a
swarm intelligence algorithm, it is inevitable that it still has the risk of falling into a local optimum.
Therefore, in order to ensure an optimization ability, many scholars have made improvements on the
GWO. In [20], EPD (Population Dynamic Evolution Operator) was integrated into the population
updating process of the GWO algorithm by combining self-organizing criticality. The search range
of the wolf group in the GWO algorithm was extended to the entire solution space in each iteration
process, thus increasing the probability of obtaining a global optimal solution. In [21], the population
was divided into a local optimization group and a global optimization group, which increased the
diversity of the population and improved the search ability. However, the global search was blind
and lacked norms, which increased the complexity of the algorithm. In [22], a differential evolution
optimization algorithm was combined with the GWO algorithm to eliminate inferior individuals
and accelerate the optimization speed, but it is still easily fell into a local optimum because the
fundamental idea of the algorithm was not considered. In [23], an embedded optimization operator
was used to update the population position, and a differential evolution strategy was used with
adaptive parameters to further improve the optimization functions. The performance of the hybrid
algorithm was improved by introducing the worst individual, but the role of other individuals was not
considered. Although these improved algorithms optimized the performance of the GWO algorithm
in some aspects, it was still difficult to achieve a balance between convergence speed, local optimum,
and search accuracy.

The aim of this paper is to provide an effective control method for aircraft engine systems
with constraints.

The primary contribution of this paper is as follows:

(1) By introducing logistic and chaotic mapping, an individual optimal search mechanism, and cross
operation, a novel hybrid grey wolf optimization (HGWO) algorithm is proposed. The presented
HGWO algorithm can provide faster convergence speed and better search accuracy and avoids
falling into a local optimum.

(2) The GWO is used to improve the selection of initial parameters in an elastic BP neural network.
The accuracy of network modeling is increased, and the established engine neural network model
has a better prediction performance as a result.

(3) A nonlinear model predictive control method based on a hybrid grey wolf optimizer is proposed
for the control of aircraft engines with constraints.

The remainder of this paper is organized as follows. Section 2 describes the considered aircraft
engine and the corresponding GWO-based elastic BP neural network prediction model. Section 3
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presents the HGWO algorithm. In Section 4, the design of the NMPC controller is shown. Section 5
verifies the simulation of the designed NMPC controller. Section 6 draws conclusions.

2. Aircraft Engine and Its Prediction Model

2.1. Brief Description of the Aircraft Engine

The dynamic model of the aircraft engine is highly complicated and nonlinear [24,25], which can
be described as

x = flx,u)y = g(x,u) @

where x is the state vector, x is the state derivative vector, u is the input vector, y the output vector,
and f(-) and g(+) are nonlinear functions.

For a twin-shaft aircraft engine whose generalized schematic is shown in Figure 1, the state vector
x can include a low-pressure (LP) spool speed and a high-pressure (HP) spool speed; the control vector
u may contain the main fuel flow, the nozzle throat area, the inlet guide vane angle, and the compress
guide vane angle; the output vector y may be comprised of low-pressure spool speeds, high-pressure
spool speeds, a low-pressure turbine total temperature and total pressure, a pressure ratio of turbine,
a low pressure surge margin, and a gross thrust.
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Figure 1. Generalized schematic of the twin-shaft aircraft engine [19]: I: fan (LP compressor); II: HP
compressor; III: bypass duct; IV: main combustion chamber; V: HP and LP turbines; VI: mixing chamber;
VII: nozzle.

2.2. A Prediction Model of an Aircraft Engine

A neural network [26-28] has excellent predictive ability and has been used by researchers in
multi-step predictive control as early as the 1990s. Generally, it is employed as a predictive model to
predictoutput values for rolling optimization.

In this section, a modified elastic BP neural network whose initial parameters selection is improved
by a GWO algorithm is presented to construct a prediction model of the aircraft engine.

2.2.1. Elastic BP Neural Network (EBPNN)

Because a BP neural network usually uses a sigmoid function as an activation function,
the network output may enter a flat area when the net input of each node is too large. The flat
area causes a small partial derivative of the error with respect to the weight value, which results in
a correcting process which stagnates and slows down the convergence rate. In order to reduce the
influence of the small change in gradient amplitude on the weight and threshold correction, the elastic
BP algorithm is used to adjust the weight and threshold by judging the change in the positive and
negative directions of the gradient [29].

For convenience of description, we take the training of the weights and thresholds of a node in
the network as an example to briefly summarize the main correction formulas of the conventional BP
neural network and the elastic BP neural network.
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The conventional BP neural network weight and threshold correction formula obtained by the
gradient descent method is as follows:

wij(t+1) = w;j(t) + Aw;;(t)(1) 2
oE
Aw;i(t) = — 3)
w]( ) 771 awZ]
b](t +1) = b](t) + Ab](t) 4)
JoE
Abi(t) = —1p=— 5)

where w;; is the weight of the network node, b; is the threshold value of the network node, Aw;; and Ab;
are the correction values of the node weight and the threshold value, respectively, ¢ is the number of
iterations, 71 and 7, are the learning rates of the weight and the threshold value, respectively, and E;
is the error function.

From Equations (3) and (5), it can be seen that the weight and threshold values of the conventional
BP algorithm mainly depend on the change in gradient amplitude. When entering the flat region,
the gradient amplitude is basically zero, the weight and threshold value no longer change, and the
algorithm easily falls into a local optimum.

Therefore, the elastic BP neural network modifies the conventional BP algorithm. The correction
formula is as follows:

E(t) 9E(t — 1)

XTD(t) = awl] awl/ (6)
Aw;i(t) = a¥8"10) Ay (t — 1) %)
Abj(t) = a8 D) AD;(t — 1) 8)

where x7p is the gradient product of two adjacent iterations.

From Equations (6)—(8), it can be seen that the correction of weights and thresholds only considers
the direction change of the gradient and not the change of the gradient amplitude, thus avoiding
entering the flat area, preventing reaching the local convergence area, and improving the convergence
speed and the training ability of the network.

2.2.2. The Grey Wolf Optimization (GWO) Algorithm

The GWO algorithm is proposed by imitating the leadership level and predation mechanism
of the natural grey wolf population. According to the leadership level, the grey wolf population is
divided into four types: alpha («), beta (), delta (5), and omega (w). The a grey wolf is called the
ruling level: the whole pack must obey its order. This level of grey wolf is mainly responsible for
drawing up the predation, rest, forward, stop, and other decision-making. The primary responsibility
of the 8 grey wolf is to help the a to formulate a variety of decisions and participate in other collective
activities. The J grey wolf is mainly responsible for the execution of « and § decisions, as well as
ordering the w grey wolf. The w grey wolf mainly follows the command of the three high-level grey
wolves. The predation mechanism is divided into three predation steps: hunting for prey, encircling
prey, and attacking prey.

When the GWO algorithm is used to solve the optimization problem, it is assumed that the

number of grey wolves in the wolf population is # and the search space is d-dimension. The position

1-1, xiz, ey xﬂ . The current

of the ith grey wolf in the d-dimensional space can be expressed as X; = [x
optimal individual of population is denoted by «, and the location is recorded as X,. The corresponding
individuals with the fitness values ranked second and third are denoted as B and ¢, and the positions

are denoted as Xg and X;. respectively. The position of prey corresponds to the global optimal solution
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of the optimization problem. The predatory behavior of grey wolf populations was introduced in
Equations (1) and (2):
D = |CXp(t) = Xi(1)] ©)

X;(t+1)=Xp(t) —A-D (10)

where t is the number of iterations, X (t) is the position of the prey in the fth generation, and D is the
distance between individual and prey. C is the convergence factor, and A is the wobble factor. The

calculation formula is
C = 21’1

11
A=2ary, —a (11)

where r1 and ry are random numbers between 0 and 1. a is the distance control parameter, which
decreases linearly from 2 to 0 with the increase of iterations. The calculation formula is

0=2—t/tmax. (12)

When the wolf determines the location of prey in the predation process, « commands B, 6, and w
to hunt prey. However, the prey location cannot be determined directly. In the pack, &, 8, and J are the
closest to prey, so we can locate prey using the three positions. Ultimately we obtain the following
location update formula:

Xi(t+1) = §(X1i + Xoi + X3i)

where X3;, Xp;, and X3; are the positions of the ith grey wolf individual after moving toward «,5, and
0, respectively. D,;, Dg;, and Dy; are the distances of grey wolf individuals to «, B, and 9, respectively,
and X;(t + 1) is the updated position of the ith grey wolf individual.

2.2.3. The Aircraft Engine Prediction Model Based on GWO-EBPNN

In this paper, the nonlinear model of aircraft engine from the main fuel flow wy to low-pressure
spool speed n; is considered, which can be described in the form of the following discrete
difference equation:

ny (k) = f[nl(k — 1), m(k —2),wp(k), wp (k - 1)] (13)

The corresponding neural network model can be expressed in the following form:

Ar) = faon [ = 1), m(k = 2), wp (k), s (k= 1)] (14)

where 11 is the neural network estimator of 7;, and k is the sampling instant.

The input vector of the network is {nl(k =1),m(k—2),we(k),we(k - 1)} , and the output is 1;
that is, the network contains four input neuron nodes and one output neuron node. The number of
hidden layer nodes not only depends on the nonlinearity of the system but also is affected by the
excitation function and training accuracy requirements. Therefore, it cannot be randomly selected in
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setting. In this paper, Kolmogorov’s theorem is used to obtain 9 as the number of hidden layer nodes
in the elastic BP neural network.

The randomization of initial weights and thresholds is an important factor affecting the training
accuracy of the elastic BP neural network algorithm, which easily leads to training results that fall into
the local convergence region, making the prediction accuracy of the neural network too low to meet
the modeling requirements.

Therefore, in view of the deficiency of the traditional initial value selection, this paper introduces
the GWO algorithm in the elastic BP neural network to optimize the initial value selection. The basic
idea is to use the GWO algorithm to globally pre-optimize the initial value of the network and then
use the optimal solution obtained by the algorithm as the initial weight and threshold of each node of
the elastic BP neural network for subsequent training operations.

According to the above elaboration, there are 4 nodes in the input layer, 9 nodes in the hidden
layer, and 1 node in the output layer. Therefore, it is known that the whole network includes two
threshold matrices, b' = [b!;]g,; and b*> = [b?];,, and two weight matrices, w!' = [w;,;] 4 and
w? = [w2]'X1}9x1' Before using the GWO algorithm to optimize the initial weights and thresholds,
each matrix is sorted to a certain extent and the elements in each matrix are combined into a vector.
During optimization, the vector is set as the position vector of the individual population in the GWO
algorithm, and the reciprocal of the criterion function of the elastic BP neural network (the mean
square error between the expected output and the network output) is taken as the fitness function of
the algorithm. After optimization iteration, the obtained optimal solution is applied to the elastic BP
neural network initialization. On this basis, network training can be carried out.

The corresponding network initial value optimization process is as follows:

Step 1: Create an elastic BP neural network according to the selected samples and the network
structure determined previously.

Step 2: Set the initial value vector of the weights and thresholds of each layer of the elastic BP
neural network as the individual position of the population, and use the designed fitness function to
calculate the fitness value of each individual. After sorting, carry out global optimization according
to the optimization procedure in Section 2.2.2. When the fitness value reaches the condition or the
iteration number reaches the maximum value, complete the optimization and save the position of the
optimal individual as the optimal initial weight and threshold of the network to be trained.

Step 3: Input the optimal initial value obtained in Step 2 into the network, start training the elastic
BP network, and when the optimal conditions and iteration times are met, complete training to obtain
the neural network training parameter value.

Step 4: Select sample data to test the trained elastic BP network and verify the
network performance.

One can see from Figure 2 clearly that GWO is used to improve the selection of initial parameters
in the elastic BP neural network.

The aircraft engine prediction model can now be obtained by the recursive prediction method
based on GWO-EBPNN.

The main recurrence process is as follows:

At the k sampling instant, if the actual output value of the engine is known as 1 (k), the predicted
output value 1; (k) can be described by

(k) = fan [ (k= 1), my(k = 2), wp (k), w0y (k = 1)]. (15)
The predicted output value 7;(k + 1) at the k + 1 sampling instant will be

ﬁ[(k-f— 1) = NN [ﬁl(k),nl(k—f— 1),wf(k—|— 1),wf(k)} (16)
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The predicted output value 7;(k + i) at the k + i sampling instant will be
r(e+1) = fn [+ = 1),y (k+ = 2), g (k+ ), g (k+ i = 1)] (17)

wherei =1,2,...,P, and P is the prediction horizon.

The disadvantage of using recursive prediction is that there is inevitably an error between
the neural network model and the real engine system, because of inevitable uncertainties such as
disturbance and the unmodeled dynamic in actual situations. In multi-step prediction, each step of
prediction will produce a prediction error, which will be superimposed and amplified with the increase
in recursive times.

Therefore, the requirement for model accuracy is relatively high, and a feedback mechanism is
needed to correct the prediction value, which will be discussed in Section 4.

After the prediction accuracy is improved by feedback correction, the advantage of recursive
prediction in the calculation can be realized. Therefore, the nonlinear prediction model of the engine in
this paper will be established by using a recursive neural network.

For convenience of expression, n; will be expressed by y, w; will be expressed by u, and 7; will be

expressed by 7 in the following.

Several sets of initial weight thresholds are used as initial Input sample data to
population values determine network structure
Calculating the fitness of individual population according to Initialization of weights and
the criterion function of BP neural network thresholds

Individual location update\s/ablizd on the ranking of fitness Taking the optimal solution as

* a new initial weight threshold
v

Network training

/\ 3
E v Save the final weight threshold

nding conditions?

Calculating fitness values for new individuals

—  Z

End
The Part of GWO The Part of Network Training

Figure 2. The training structure diagram of the elastic BP neural network based on grey wolf
optimization (GWO) (GWO-EBPNN).

3. Hybrid Grey Wolf Optimization (HGWO) Algorithm

Because an aircraft engine is complex and requires high real-time control, the optimization
algorithm applied in NMPC to obtain the controller should have a satisfactory optimization speed.
Hence, in order to improve the optimization speed of the GWO algorithm and prevent the solution
process from a local optimum, a new hybrid grey wolf optimization (HGWO) algorithm is proposed.
The HGWO algorithm improves the traditional GWO algorithm in three ways:

1.  Alogistic chaotic sequence is used to generate the initial individual position. Compared with
random initialization, the initial population position distribution is more uniform, and the
convergence rate is then improved.

2. Anindividual optimal retention mechanism is used to increase the ability of the independent
evaluation of GWO algorithmand to prevent a local optimum; that is to say, the optimal value of
the individual in the optimization process will be retained.
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3. Crossover operation is used to increase the diversity of populations, andthen better inividuals
are retained by the greedy rule (a selection mechanism).. Superior offspring is thus obtained.

3.1. Logistic Chaotic Mapping

For the swarm intelligence algorithm, the quality of the initial population directly affects the
convergence rate and the optimization ability of the algorithm. In solving optimization problems,
without any prior knowledge of the global optimal solution, the initial population should be as
evenly distributed as possible in the feasible region, and this can prevent a local optimum and lead to
high-quality solutions.

The traditional GWO algorithm adopts a stochastic initialization method, which has high
randomness and cannot guarantee a global optimal solution. Chaos is a nonlinear phenomenon
with traversal uniformity. Chaotic motion can traverse all states in a certain range without repetition
according to its own laws [22]. Therefore, if chaotic motion is used to initialize the population, there is
no doubt that it is superior to stochastic initialization. In this paper, logistic maps are used to generate
chaotic sequences as an initial population. The logistic map expression is [30].

t+1)=wu-1(t)- (1=1(t)),1 €[0,1], u € (0,4]. (18)

Suppose the feasible region of the optimization problem is [a, b]. The chaotic sequence generated
from Equation (18) can be mapped into an initial population in the feasible domain using Equation (19):

X(t) =1(t) - (a —b) +b. (19)

3.2. Individual Optimal Retention Mechanism

The traditional GWO algorithm only considers the guiding role of «, B, and . However, it ignores
the search function of the other grey wolf individual. Therefore, we can refer to the description of
the individual search function in the particle swarm optimization algorithm and propose using an
individual optimal selection mechanism to increase the search function of the grey wolf individual.
Thus, a new position updating formula is obtained on the basis of Equation (18):

Xi(t+1) = Xi(t+1) + r[Xipest — Xi(£)] (20)

where X/(t + 1) is the position after updating, r is the random number between 0 and 1, and X; 4 is
the optimal position of the ith grey wolf individual in the  generations.

3.3. Crossover Operation

In order to increase population diversity and prevent local convergence, crossover operation is
introduced. Firstly, a pseudo-random number between 1 and 4 is generated as the dimension number
of grey wolf individuals to be exchanged. Random probability is then compared with crossover
probability. If the random probability is less than the crossover probability, the crossover operation is
performed. The process is shown in Figure 3.

After the crossover operation obtains a new individual, the greedy rule is used to select a
superior individual. The fitness of these individuals is compared with the individual before crossover
operation, and the betterindividuals are retainedin the update so that the population evolves in an
optimal direction.

Through the improvement of three aspects, a new HGWO algorithm is obtained, as shown in
Figure 4.
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select superior individual.

N increases 1

| h 4

No

| Output the optimal solution as the control input for the current time

end
Figure 4. Flow chart of hybrid grey wolf optimization (HGWO).

4. NMPC Controller Design for Aircraft Engines with HGWO

The schematic diagram of the NMPC controller designed in this paper is shown in Figure 5.

Au(k)
Receding horizon
optimization [1,0...0]1xp Aeroengine
(HGWO)
(k)
- y(k)
Y. (k
»(k) Predictive model
(EBPNN)
Y(k) e(k)
Feedback
correction "

Figure 5. Nonlinear model predictive control (NMPC) schematic diagram.
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4.1. Prediction Model

The corresponding output data (low pressure turbine speed) are obtained using Gaussian white
noise as input data (fuel quantity). Based on the acquired input and output data, the BP method is
used to train the corresponding neural network model off-line, and the recursive method is then used
to establish the prediction model.

Where y and u represent n; and wy, respectively, i.e., low pressure turbine speed and fuel flow,
the BP neural network model is

y(k) = fanly(k—1),...,y(k —nq),u(k —1),...,u(k — np)]. (21)

In this formula, k represents the current moment, and n; and n; represent the order of output y
and input u, respectively.

Based on Equation (21), the dynamic recursive neural network prediction model is established
using the recursive method:

(k+1) = funly(k), ..., y(k —ny +1),u(k), ..., u(k —ny +1)]
(k+2) = funlp(k+1),...y(k—n +2),u(k+1),...,u(k—ny +2)]

= D

(22)
J(k+P) = fuuly(k+P—-1),...,y(lk—ny+P+1),u(lk+P—1),...,u(k—ny+P+1)]
where P is the prediction horizon, and 7 is the output value of the prediction model.

4.2. Feedback Correction

It is inevitable that there is an error between the prediction model’s output value and the actual
output value. Therefore, we can use the prediction error at time k to correct the output value of the
prediction model and improve the prediction accuracy.

The prediction error of the k moment is

e(k) = y(k) — 9 (k). (23)

Suppose the feedback correction weight matrix is H = [hy, hy, ..., hp], and each element of H
takes a number between 0 and 1. The corrected prediction output is then

Y, = Y(k)+ H-e(k) (24)

where Y(k) = [j(k+1),9(k+2),...

,7(k+ P)] is the prediction output matrix before correction,
and Yh(k) = [yAh(k + 1),9h(k+ 2),. U

(k + P)] is the corrected prediction output matrix.
4.3. Reference Trajectory
The reference trajectory of the prediction output can be represented as
w(k+1) = cly(k) + (1= )y, (k) (25)

where vy, is the target value, i.e., the expected relative speed of aircraft engines, and c is the soft
coefficient, 0 < ¢ < 1,i=1,2,...,P.

4.4. Controller Obtaining

In the NMPC controller design, in order to guarantee the instruction tracking and reduce fuel
consumption in the control process, the objective function is

min | = (Y, — W)TQ(Y;, — W) + AU (k)T RAU (k) (26)
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St Umin < u(k+1) < tmax
Atlmin < Au(k + i) < Almax

where Q = glp.p is the weighted matrix of the output error, R = rlj;p is the weighted matrix of
the control increment, Ip, p is the identity matrix with P dimension, Ip1x s is the identity matrix with
M dimension, M is the control horizon, W(k) = [w(k+1),w(k+1),...,w(k+ P)] is the reference
trajectory output vector, and AU (k) = [Au(k), Au(k+1),..., Au(k + M — 1)] is the control increment
vector with Au(k) = u(k) —u(k—1).

In each solution process, the receding horizon optimization will obtain an optimal control
incremental sequence AU (k) and take the first element of the sequence, and we can then obtain
the optimal control input of the aircraft engines at the current time:

u(k) = Au(k) +u(k —1).

The steps of applying the HGWO algorithm into the receding horizon optimization to solve the
controller are as follows:

Step 1: Determine the population size and the maximum number of iterations, set the constraints of
the aircraft engines, set the prediction horizon and the control horizon, and set the crossover probability.

Step 2: According to the constraints, use the logistic chaotic sequence to generate the individual
location of the grey wolf population.

Step 3: According to the grey wolf position X to calculate the grey wolf individual fitness value,
i.e., the reciprocal of the performance index, select &, 8, and é.

Step 4: Based on the current positions of «, B, and J, update the position of the other individuals
in the population using Equation (2).

Step 5: After the crossover operation to obtain new individuals, use the greedy rule to select
superior individuals.

Step 6: When either the optimal condition is satisfied or the number of iterations is enough,
the iteration is ended and the optimal solution is output as the control input for the current time;
otherwise, return to Step 3.

5. Simulations

Based on an aircraft engine component level model, a simulation experiment of the designed
controller was carried out.

The working point of the engine was on the ground, namely, height and Mach number were both
zero. The input was the fuel supply, and the output was the relative speed of the low-pressure rotating
shaft. In order to fully stimulate the dynamic characteristics of the engine, the Pseudo Random Binary
Signal (PRBS) was used as the fuel supply to the engine. The sampling time was 0.04 s. The input and
output data were obtained. One thousand five hundred sets of input and output data were selected
and normalized.

According to the parameters in the elastic BP neural network and the GWO algorithm in
Section 2.2, the GWO-EBPNN model of the engine was established. Figures 6—8 show the error
curve between the test output and the expected output of the low-pressure spool speed under the
GWO-EBPNN, the elastic BP neural network, and the conventional BP neural network, respectively.
It can be seen that the average error between test output and expected output in Figure 6 is the
smallest, while for elastic BPNN and classic BPNN the results are almost two times larger than those
of the GWO-EBPNN.
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Figure 6. Error curve between test output and expected output of low-pressure spool speed
under GWO-EBPNN.
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Figure 7. Error curve between test output and expected output of low-pressure spool speed under the
elastic BP neural network.
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Figure 8. Error curve between test output and expected output of low-pressure spool speed under the
conventional BP neural network.
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In order to test the ability of the new improved grey wolf optimization (HGWO) algorithm
proposed in this paper to solve function optimization problems, two standard optimization test
functions Sphere and Rastrigin were tested. Sphere test function is a typical unimodal function, while
Rastrigin function is a representative multimodal function. It is of high reference value to evaluate the
performance of the algorithm with these two functions. The specific form of the Sphere function is
fi(x) = fj x?, and the specific form of the Rastrigin function is f;(x) = % [x? — 10 cos(27x;) + 10].

i=1 i=1
For the two test functions, the initial parameters of the optimization algorithm are as follows: the

dimension is 30, the optimization space is [-50,50], the minimum value is 0, the population is 80,
the stagnation algebraic threshold is 10, and the number of iterations is 1000.

To make a comparison, the typical GA is used to optimize the two test functions as well. The
GA algorithm adopts binary coding, the chromosome length is 630, and the crossover probability and
mutation probability are 0.8 and 0.005, respectively. The optimization accuracy of the test algorithm is
setto1 x 1078,

The relationship between the optimal values and the number of iterations is shown in Figures 9
and 10.
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400
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300 |
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Figure 9. Sphere function—objective function value vs. iteration number.
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Figure 10. Rastrigin function—objective function value vs. iteration number.
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In Figure 9, after 30 iterations, HGWO did not change the best results, while the GA did not arrive
at the targeted value within 1000 iterations. In Figure 10, the iterative process in HGWO was easily
converged and GA failed to optimize the best result. Therefore, the GA algorithm easily falls into a
local extremum and cannot complete the optimization well; it needs to continue iterating or increase
the population. The HGWO algorithm can complete the optimization well, has a fast convergence
speed, avoids falling into a local optimum, and possesses good optimization performance.

Therefore, the HGWO algorithm is useful to improve the real-time performance of the NMPC
controller for aircraft engines.

In the NMPC controller, prediction horizon P = 10, control horizon M = 2, the feedback
correction matrix H = [1,1,...,1]; 4, the soft coefficient ¢ = 0.3, the weighted value of the output
error 4 = 1, and the weighted value of the control incremental » = 0.01. According to the actual engine
working condition, the input constraint is taken as 0.05 < u < 0.32.

In the HGWO algorithm, the grey wolf individual population is 80, the iteration number is 100,
and the crossover probability is 0.2.

For comparison, the NMPC controller design with a GA algorithm is applied to the considered
aircraft engine system. The GA algorithm is binary coded. The chromosome length, crossover
probability and mutation probability are 630, 0.6 and 0.005, respectively.

Figures 11 and 12 show the tracking trajectory of the low-pressure spool speed under HGWO and
GA optimization algorithms, respectively.

In Figures 10 and 11, one can see that the convergence speed of the HGWO algorithm is higher
than that of the traditional GA.

The variation of the GA-NMPC control law is relatively high, and there is a slight vibration,
so the control effect is not good, while the control law of HGWO-NMPC has a very good dynamic
performance whether in the initial time or at step points.

The output of the NMPC system based on the GA algorithm can track the expected response.
However, in the acceleration process, the maximum overshoot is 0.045, and the maximum droop value
is 0.452 during the deceleration process. The overshoot and the droop amount are relatively large,
and in the process of control, local convergence occurs continuously around the expected value. It is
impossible to track the expected value accurately, and the control performance is relatively poor.

The overshoot and the droop under the control of HGWO-NMPC are smaller, the maximum
overshoot value is 0.012, and the maximum droop value is almost 0. HGWO-NMPC has little oscillation
in the initial stage of the accelerating response.
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Figure 11. The simulation results of NMPC based on HGWO. (a) Fuel flow curve; (b) relative
speed curve.
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Figure 12. The simulation results of NMPC based on a GA. (a) Fuel flow curve; (b) relative speed curve.

Therefore, the presented HGWO-NMPC method in this paper shows that the considered aircraft
engine control system has fast convergence, high precision, good dynamic performance, and an
ability to handle constraints well. It can thus handle the requirement of control constraints and the
performance optimization requirements of aircraft engines.

6. Conclusions

In this paper, a new nonlinear model predictive control method based on an elastic BP neural
network with hybrid grey wolf optimization (HGWO) is proposed. The elastic BP neural network
is used to train a prediction model of aircraft engines, and the grey wolf optimizer (GWO) is used
to improve the selection of initial parameters in the elastic BP neural network. The accuracy of the
network modeling was increased. By introducing a logistics chaotic sequence, an individual optimal
search mechanism, and cross operation into the traditional GWO algorithm, a new HGWO algorithm
is achieved, and HGWO is used in relation to nonlinear model predictive control (NMPC) of aircraft
engines. Simulation results show that, under the proposed NMPC, aircraft engines have good control
performance. Future work can involve analyzing the stability of NMPC, which is an important part of
control system design. In terms of the work conditions of aircraft engines, the control lag during the
operation should be considered.
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