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Abstract

The work is devoted to the modification of helicopters turboshaft engines onboard automatic
control system of through the introduction of an adaptive control unit into it, which consists of
a reference engine model module and a signal adaptation module. The real-time identification
method for helicopters turboshaft engines onboard automatic control system adaptive control
subsystem has been modified, which allows you to set the desired system response to a
disturbance for its current state. The implementation of the proposed solutions is carried out
using the NEWFF multilayer neural network, which made it possible to significantly reduce
the errors of the first and second kind in comparison with the tolerance control method. The
results of the experiment — initial and secondary testing of helicopters aircraft engines
automatic control system with signal tuning units and a reference model showed an
improvement in the quality of transient recognition compared to the use of standard controllers.
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1. Introduction

The ever-increasing requirements for helicopters tactical performance, the complication of their
flight conditions make it necessary to improve the characteristics of turboshaft engines (TE), to ensure
the stable operation of TE in a wide range of operating modes. Distinctive features of modern
helicopters TE are the need for simultaneous control of several output parameters at once, a wide range
of changes in dynamic characteristics, changes in the qualitative and quantitative composition of control
subsystems during operation, non-linearity and non-stationarity of engine characteristics. All this
inevitably leads to a significant complication of the laws of helicopters TE automatic control, and, as a
result, to the complication of their automatic control systems (ACS), with a simultaneous increase in
the requirements for the quality and reliability of their operation, ease of use, etc.

One of the new promising directions in the field of complex dynamic objects automatic control is the
use of intelligent control systems based on artificial neural networks (ANN). The main advantage of these
control systems is the use of such properties of ANN as the ability to approximate arbitrary nonlinear
dependencies (for which they are often called "universal approximators™), the ability to learn, high speed
due to the parallel nature of the network itself, potentially higher noise immunity and fault tolerance.

At the same time, the analysis of modern literature on ANN and ANN control systems shows that,
despite the ongoing active developments in this area, many issues related to the development of algorithms
and methods for identifying nonlinear objects based on ANN models have not yet been resolved, synthesis
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of the structure and algorithms for adapting (training) the parameters of ANN controllers, features of their
implementation in multi-mode control systems for nonlinear dynamic objects. All of the above fully
applies to such a dynamically complex class of control objects as helicopters TE.

2. Related Works
2.1. Literature review

The literature describes numerous examples of the practical application of ANN for solving
problems of controlling an aircraft [1], a car [2], a mining process [3], an engine shaft speed [4], an
electric furnace [5], a turbogenerator [6], a welding machine [7], pneumatic cylinder [8].

In the course of the development of neurocontrol, various methods for constructing neurocontrollers
using various types of neural networks were studied: linear Adalina type [9], multilayer perceptrons
[10], recurrent networks (RNN) [11], radial basis functions (RBF) networks [12], etc. The best results
obtained using multilayer perceptrons with delay lines [13]. Two main directions have been formed in
the application of ANN inside synthesized controllers: direct methods based on direct control of an
object using an ANN, and indirect methods, when a neural network is used to perform auxiliary control
functions, such as noise filtering or dynamic object identification. Depending on the number of ANN
that make up the neurocontroller, neurocontrol systems can be single-module or multi-module.
Neurocontrol schemes that are used in conjunction with traditional controllers are called hybrid.

The key problem in solving problems of control of dynamic objects is the implementation of the
model of the inverse dynamics of the controlled object. An analytical solution to this problem is not
always possible, since it requires the inversion of cause-and-effect dependencies of the behavior of a
real object. The use of neural networks makes it possible to find approximate solutions to this problem
by ANN training on examples of controlling a real object. When using direct methods of neurocontrol,
in particular, in the method of generalized inverse neurocontrol [14], this is achieved by directly ANN
training using examples of the behavior of the controlled object. However, the sequences of examples
used for such training, obtained by inverting the results of observing real objects, often contain
contradictions that drastically reduce the quality of ANN training. A number of methods have been
proposed to solve this problem. In the method of specialized inverse neurocontrol [14, 15] and some
versions of adaptive criticism systems [16], the problem of training inverse dynamics is solved by
approximating the analytical model of the controlled object and calculating the local values of the
Jacobian for different regions of the state space. In the method of error backpropagation through a direct
neuroemulator, to form a linearized model of the inverse dynamics of an object, the usual error
backpropagation scheme is used, which is used to train multilayer perceptrons. In multimodule
neurocontrol systems, the same problem is solved by dividing the object state space into local areas in
which inverse models are represented by single-valued functions. For each such area, a separate neural
module is allocated [17]. Perspective for modeling inverse dynamics may be new types of neural
networks that allow modeling multivalued functions, in particular, Bishop's probabilistic networks
based on mixtures of Gaussian models (Mixture Density Networks) [18].

2.2. Research problem statement

The goal of the study is to develop and improve algorithms and methods for ANN control of
helicopters TE and their elements, synthesis and training of multi-mode ANN controllers of helicopters
TE, as well as the implementation of the proposed neural network control algorithms in real time.

3. Proposed technique

3.1. Generalized structure of helicopters turboshaft engines control system



In neurocontrol tasks, to represent the control object (helicopters TE), a black box model (fig. 1) is
used, in which the current input and output values are observable.
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Figure 1: Aircraft engine model in the form of a black box

Helicopters TE operational mode is considered inaccessible to external observation, although the
dimension of the state vector is usually considered fixed. The dynamics of helicopters TE behavior can
be represented in a discrete form:

S(k+1)=d(S(k),u(k)); )
y(k+1)=¥(s(k)); @)
where S (k) e R" — N-dimensional vector value of helicopters TE operational mode on the k-th cycle;

u(k)eR® — P-dimensional control vector value; y(k+1)e®R’ — V-dimensional output value of

helicopters TE at cycle k + 1. The general control diagram of helicopters TE as a dynamic object is
shown in fig. 2.
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Figure 2: General feedback control diagram

To estimate the operational mode vector of helicopters TE as a dynamic object of order, the model
of non-linear autoregression with additional input signals (NARX) [19] can be used:
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In practice, this ratio is usually used without retrospective control inputs:
y(k)

y(k-1) |

S(k)= (4)

y(k—N)
Helicopters TE operational mode as a dynamic object can also be represented by a snapshot of its
phase trajectory:

sky=| Y| (5)



In the diagrams, the TDL (Tapped Delay Line) module is used to input delayed feedback data into
the controller.

3.2. Choosing of neurocontrol optimal type

The main types of neurocontrol are systematized by Artem Chernodub and Dmitry Dzyuba,
researchers at the Institute of Mathematical Machines & Systems Problems, which are described in
detail in [20], namely:

1. Imitative neurocontrol (Neurocontrol learning based on mimic, Controller Modeling, Supervised
Learning Using an Existing Controller) [21], covering neurocontrol systems in which the
neurocontroller is trained on examples of the dynamics of a conventional feedback controller, built, for
example, on the basis of the usual proportional-integral-differential (PID) control diagram.

2. Inverse neurocontrol, in which the formation of an inverse model of the control object is carried
out by ANN training. There are several types of such neurocontrol:

2.1. Generalized Inverse Neurocontrol (Direct Inverse Neurocontrol) [22] provides for off-line
network training based on the recorded behavioral trajectories of a dynamic object.

2.2. Specialized Inverse Neurocontrol [22] makes it possible to train an inverse neurocontroller
online using the deviation error of the object position from the setpointe =r —y.

2.3. Backpropagation Through Time (Internal Model Control) method [23, 24] is based on the idea
of using a tandem of two ANN, one of which performs the function of a controller, and the other is a
direct neuroemulator that is trained to model the dynamics of the control object.

3. Predictive neurocontrol. The method of training neurocontrollers, which minimizes the deviation
of the current position of the control object from the setpoint for each cycle, does not always provide
the best integral quality of control. There are such types of predictive neurocontrol:

3.1. Predictive model neurocontrol (NN Predictive Control, Model Predictive Control, Neural
Generalized Predictive Control) [25] minimizes the cost functional of the integral error predicted for

L=max(L,L,), 0<L, <L, cycles ahead Q(k):Lzze(kJri)2 +,oLZZ(u(k+i)—u(k+i—l))2 , where

e — system output error, p — contribution of the change in the control signal to the total cost functional
Q. The remarkable thing about this method is that it does not have a trainable neurocontroller. Its place
is taken by a real-time optimization module, in which the simplex method [26] or the Quasi-Newton
algorithm [27] can be used.

3.2. Neurocontrol methods based on adaptive criticism (Adaptive Critics), also known as
Approximate Dynamic Programming (ADP), have been very popular in recent years [28]. The criticism
module performs an approximation of the values of the cost function. The popularity of adaptive
criticism systems is explained by the presence of a developed theoretical base in the form of Bellman's
theory of dynamic programming, as well as their ability to converge to optimal or close to optimal
control [29].

4. Multi-module neurocontrol. Multi-module neurosystems, built according to the type of expert
committees, have become widely used in recognition systems, and later they gave impetus to the
development of multi-module neurocontrol systems. Within the framework of a multi-module
approach, the original task is divided into separate subtasks, which are solved by separate modules. The
final decision is made by the gateway network based on the private decisions of the expert modules.

4.1. Multimodule neurocontrol systems based on local inverse models (Incremental Clustered
Control Networks) [30] consist of a set of linear neurocontrollers and a gateway module. The
disadvantage of this method is the need for a large number of examples for training neurocontrollers
distributed in all areas of the state space of the controlled object.

4.2. Multimodule neurocontrol method based on pairs of direct and inverse models (Multiple Paired
Forward and Inverse Models, Multiple Switched Models) [31, 32]. Unlike the method of neurocontrol
based on local inverse models, in which the behavior of the system is formed during training and is not
corrected during control, this method provides for the correction of the behavior of neural modules at
each step of neurocontrol.

5. Hybrid neurocontrol. Hybrid neurocontrol systems are called, in which neural networks work
together with conventional controllers, PID-controllers or other types of controllers. Hybrid neuro-PID



control (NNPID Auto-tuning, Neuromorphic PID Self-tuning) [33, 34] allows self-tuning of the PID
controller online using neural networks.

Hybrid parallel neurocontrol represents a compromise solution for the introduction of neurocontrol
in the industry and the transition from conventional controllers to ANN. Thus, taking into account the
analysis of existing types of neurocontrol, in the problem to be solved for controlling helicopters TE in
flight modes, a hybrid neuro-PID control is applied, in which the control signal generated by the
controller is a weighted sum of proportional, integral and differential parts [35]:

t
u(t):Kle(t)+K2je(f)dT+K3ded—(tt). ©)
0

The coefficients Ky, Kz, K3 are obtained by tuning the PID-controller, which can be performed manually

according to the Ziegler-Nichols rule, the Cohen-Kuhn rule, or other methods [36], or using ANN (fig. 3).
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Figure 3: Hybrid neuro-PID control diagram [20]

The trained neurocontrol system operates as follows. At step k, the neural network receives the
setpoint r(k + 1) and generates the PID-controller control coefficients Ki(K), Ka2(k), Ks(k), which are fed
to the PID-controller along with the wvalue of the current feedback error

e(k):r[(k+1),r(k),...,r(k—N+1)]T. The PID-controller calculates the control signal u(k)

according to the expression:
u(k)=u(k-1)+K,(k)(e(k)—e(k-1))+ K, (k)e(k)+K;(e(k)—2e(k-1)+e(k—2));  (7)
used for discrete PID-controllers and feeds it to the control object.

6. Neural control with a reference model (Model Reference Adaptive Control, Neural Adaptive
Control) is a variant of neurocontrol using the method of error back propagation through a direct
neuroemulator, with an additional reference model (Reference Model) embedded in the circuit. This is
done in order to increase the stability of the transient process: in the case when the transition of the object
to the target position in one cycle is impossible, the trajectory of movement and the time of the transient
process become poorly predictable values and can lead to undesirable modes of operation of the system.

3.3. Proposed neurocontrol method

Since, in the study of helicopters TE dynamic characteristics, the trajectory of movement and the
time of the transition process are poorly predictable values, since they depend on many external and
internal factors, which will lead to undesirable operating modes of the systems, this paper proposes a
new, combined method of Hybrid neuro-PID control with a reference model (fig. 4).
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Figure 4: Hybrid neuro-PID control diagram with a reference model

3.4. Modification of helicopters turboshaft engines controlling method at
flight mode

The method of complex dynamic objects adaptive control (on the example of a ground-based gas
turbine plant) was developed by lvan Bakhirev. In that work, a modification of this method and its



adaptation to helicopters TE is made. The system of differential equations, taking into account the
instability of properties, representing the operation of helicopters TE in an arbitrary mode (nominal,
I cruising, II cruising, emergency, idle rating) will have the form:

x=F(x,u&f,..); x(t)) =X, (8)
where x = x(t) — n-dimensional function of the state of the system; u = u(t) — m-dimensional function
of control actions; & — vector of limited dimension of changing parameters; f = f(t) — n-dimensional
function of external perturbations; xo — initial state.

Let us represent a non-stationary nonlinear model of helicopters TE in the following form [37]:

x=A(xt)x+B(x,t)u+f(t); (9)
where A(x,t)=A(g(xt)), B(x,t)=B(&(xt)) — functional matrices of appropriate sizes. The pair

(A, B) has the controllability property. The description of the boundaries of changes in the elements of
matrices (A, B) must accompany the expression (8).

This model consists of a linear model of helicopters TE [38] combined with nonlinear dependences
obtained experimentally [39]. When operating in the rotation speed stabilization mode, regulators with

ki +k 1+7
the following transfer functions We; (p) =k, Ik " fpp , Ws (p)=kp, —2

P , corresponding to the free

turbine speed regulator (net) and the gas dispenser regulator, are used, while Tp — regulator time
constant, kp — gas dispenser regulator gain. Regulator settings correspond to the TE operation mode and
its rating. The gas dispenser regulator is switched on at the output of the control device, it is he who
generates the signal for the fuel supply Gr. All other selective ACS controllers are connected to this
controller [40]. Therefore, the sequential inclusion of these two regulators means that at the moment it
is the free turbine speed circuit that is closed to the gas dispenser, and it is it that is currently active.

The control vector u:[ul,uz]T is included in the extended state vector of equation (9):

X= [x1 Xy, Xg, x4]T , Where: X1 = ner, X2 = Nre, Xs — output of the gas dispenser regulator integrator, x4 —

output of nger regulator integrator. Then expression (9) can be written taking into account the form of
functional matrices A(x, t), B(x, t) in the following form:

0 a, (X, %,t) 0 0 x) (0 00 0 0) (f(t)
_ a21(X2'X31t) azz(let) azs(xz'XS't) a24(X2’X31t) . X n 000 b24(X2’X3’t) ) 0 n 0
a, 0 a, X, [0 0 0 by, ol o

x

a, 0 a,, , 00O b, g 0

0
0
where f,(t)=ke (X,t)Ng (t), and the maximum multiplicity of measurements of the coefficients,

respectively, a1 =20...25, a2 =1.5...3.0,a,3=5...7,824=5...7, b2s = 5...7.
Let us single out the linear stationary part on the right side of (9) so that the description takes the
following form [37]:
X=AX+Bg+6,; (10)

where G, =F(x,u,§,f,t)—A0x—B0u — non-linear non-stationary part; x — four-dimensional state

vector; g — four-dimensional vector of setting actions; Ao, Bo — (4x4)-dimensional constant matrices

corresponding to the linear stationary part, which are an approximation obtained by averaging and

linearizing matrix elements in time, or designate the desired behavior of the object. Then we consider

the linear stationary part as the reference model: Ao = A, Bo = By, where A, — Hurwitz matrix (stable).
Thus, equation (10) can be written as:

0 a, 0 0)(x) (00 0 0)(0) (0o,(XXt)

X = 8y 8y 8y 8y . X i 0 0 0 b, . 0 + O, (Xz 1 X3 ,t)
a; 0 0 ay||Xx 000 b, (|O 0 .
Ay 0 0 Ay X4 000 b44 g 0

Expression (9) is also supplemented by the adaptive controller equation [41] in the following form:



u=U(xK,z49); (11)
where g = g(t) — m-dimensional vector of the reference signals, in this problem, the signal of the free
turbine rotation speed nstse: recorded on board the helicopter; K = K(t) — matrix of adjustable
parameters, responsible for parametric setting (PS); z = z(t) — m-vector of additional (signal) influences,
responsible for the signal setting (SS) [37]. Let's set the reference model in the form:

X=AyXy +Byg+f(t). (12)
The set control problem is reduced to synthesizing the control law u(t), which should be expressed
in terms of minimizing the quality functional on the solutions of system (10), (12), and also ensuring

the following inequality is satisfied for any &eM,x(t,),Xy ()

[x(t) = (O] =[le(t)] < 2 (13)
for any t > t,, ta = to + 4, to > 0, Where 6, — adaptation process time, or limiting ratio
lim|e(t)]=0. (14)

t—ow

We write the right side of (8) as
F(X,u,&,t):(At +a(x,?;)x+Bt +b(x,§))u; (15)
where a(x, &), b(x, &) — some non-linear additions; A= A(§), B: = B(§). When adding additives to (15),
the functions a(x, &), b(x, &) are differentiable and continuous in their arguments.

Assuming in (10) Ao = A,;; Bo = B,, taking into account (15), the corresponding expression takes
the form

F(x,u&t)-A,x—B,u=(A —A,, )x+(B, —BM)u+ax+bu=G¢,; (16)
where 6,=6+¢; 6=(A -A,)x+(B,—B,)u; @=ax+bu. The adaptive controller (11) is
represented as:

u(t) =K x+K,(g9+2); (17)
where K,, K, — (mxn), (mxm)-dimensional matrices of adjustable coefficients. In this case, (10), (11),
taking into account (18) and (19), can be represented as
x=Ayx+Byug+(A +BK,-A,)x+(BK,-By)d+Bz+¢; (18)
where ¢ =f +(a+bK, )x+bK g+bz.

Then the goal of adaptation (14) is achieved by fulfilling the ratio:
lim(A+BK,)=Ay; limB,K, =B,,; Bz=¢. (19)

t—oo
Assuming that, K, > K?, K, >K?}, A+BK!=A
expression (18) can be rewritten in the form
x=Ayx+B,0+Bé,x+Bd,g+Bz+¢; (20)
where K, -KJ=3§,; K,-K;=3§,.
The goal of control (19) is achieved using the following equations of adaptation algorithms,
presented in general form [37]:

v, BK=B,,, as a result of adaptation,

K=A,(K.eg); K=[K,;K,]; (21)

z=A,(e,0.8t); (22)
of these, the parametric setting (PS) corresponds to the first equation (21), and the signal setting (SS)
corresponds to the second (22).

In [37], a recommendation is given and substantiated with a significant predominance of non-
stationary properties to use parametric tuning for model (8). In case of predominance of non-linear
properties in the system, use the signal setting for model (8). In the case of manifestation of both
nonlinear and non-stationary properties of the model (8), use both types of tuning together.

When constructing a system by the Lyapunov function method [37, 42], with a reference model and
with a combined setting (PN + SN), using equations (12), (18), we represent the error equation in the form

e=Aye+Bdv(t)+Bz(t)+e. (23)

The Lyapunov function is chosen in the form [37]:



V(e,8)= %(eTPe+TI’(8F16T ) (24)

To find the matrix P, it is necessary to solve the matrix equation
PAT + ATP =-Q; (25)
where the matrix Q is chosen arbitrarily, and its determinant must be greater than zero.
When the condition of quasi-stationarity is met (limited rate of change of TE parameters), the time
derivative of this function can be written as

V(e,d) =%eT (ALPA, Je+e PBav+e Pp+Tr(3r 5" )+ PBz. (26)

For any e # 0, 8 # 0, derivative (26) will be negative definite if adaptive algorithms are chosen in
the form:
— parametric setting:

6=—B'Pev'I; F=diag{;/l,...7/n+m}; 7, >0; (27)
— signal setting:
(28)
Due to restrictions on the rate of change of parameters and the limitedness of the extended state
vector v(t), the vector function ¢ is also limited with some estimate sup|¢| =M, . The condition of
t

z(t)=—hsgn(B"Pe); h>0; [sgn(BTPe)J =sgn(B"Pe)

negative definiteness of the function V(e, 8) with respect to the error e(t) is satisfied [37] if the value of
h is chosen as

h=M,|
than guaranteed lime(t)=0 and !imS(t):O.

t—o0

; (29)

B,

Fig. 5 shows the modified structure of the control system.
‘)’( =AyXy +Byg+f (1)
x=A(xt)x+B(xt)u+f (1) i«

Adaptation |
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4—‘

Figure 5: Modified structural diagram of the system with parametric and signal settings
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The simplicity and speed of this adaptive control method is balanced by a serious drawback. High-
frequency fluctuations caused by the sliding mode are unacceptable when applying the signal adaptation
method to helicopters TE control. The method for eliminating oscillations of the signal branch is
considered in detail in [43]. In [44], among other things, a comparison of sigmoidal (sigma) and relay
(sign) functions is given. Replacing the relay function (sign) with a smooth function with saturation
will solve the problem of high-frequency oscillations in the system. The sigma function is non-linear,
smooth, has no singular points, and its non-linearity ensures the quality of signal estimation.

For this purpose, changes were made to equation (28):

z(t)=—hsigma(B'Pe); h>0; (30)

X

1-xk

where sigma(x)= ~—05=05- — sigmoidal function, the coefficient k = const > 0
1+x K 1+x K
determines the slope of the tangent to the sigmoidal function at zero, otherwise, at k — +0 tends to the

sign function  lim sigma(x)=sgn(x). The points x~+1,3k serve as natural boundaries that separate
k—+0

the gaps in the domain of definition, where the sigma function is close to either a constant or a linear
function [43]. The derivative of the sigma function can be represented as:



(31)

1-sigma? (Xj
. [ X k
sigma’| — |=———~.
=

The sigma function allows you to establish a correspondence between the sets of error values of the

parameters and the values of the signal branch. This makes it possible to switch to conventional control,
retaining all the advantages of the sliding mode [43, 45].

Thus, the adaptive control algorithm with a reference model and a signal setting has been modified,

adapted to helicopters TE control automate in real time.

3.5. Application of Hybrid neuro-PID control with a reference model for the
implementation of the developed method for controlling of helicopters
turboshaft engines in flight mode

In order to solve the problem, multilayer feed-forward networks are subjected to weight
adjustments. This adjustment is carried out on the basis of the developed training algorithms for ANN,
which are of three types [46]: training with a teacher, training with assessment, training without a
teacher. According to [46], a modified neural control circuit with an emulator and a controller is shown

in fig. 6, where y —emulator output, ¢ —emulator error. In this case, the neurocontroller is trained on

the inverse model of the control object, and the neuroemulator is trained on the real model of the control
object (helicopters TE).
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Figure 6: Hybrid neuro-PID control with a reference model with emulator and controller diagram

The neurocontroller is trained on the basis of a neuroemulator, which is trained using the
backpropagation method. To train the neuroemulator, we define a multilayer feed-forward network with
randomly selected weights and a training set consisting of pairs of network input — desired output {X, D},
as well as network output value Y. The task of neuroregulator training is to select weight coefficients to
minimize some objective function — the sum of the squared errors of the network using examples from

the training set, that is
2
E(w)= Z(ygr\‘p) _dj,p) ;

ip

(32)

where ygf“p) — real output of the N-th output layer of the network for the p-th neuron on the j-th training

example; dj, , — desired output.
To find the minimum and determine the weight coefficients included in the function y(j'Np)(x), the

steepest descent method [47] is used, in which at each training step we will change the weight
coefficients according to the expression:

AW = (33)

oE |
o’
ij



where wi(j"> — weight coefficient that convenes the j-th neuron of the n-th layer and the i-th neuron

(n—1)-th layer,  — training rate parameter.
Todothis, it is necessary to determine the partial derivatives of the objective function E by the obtained
weight coefficients of the network:

(M Al
OE _ OE o) &5
M~ A g A’
o oy sl ow

ij

(34)

where y§”) —output, 52“) —sum of the inputs of the j-th neuron of the n-th layer. Knowing the activation
(n (n)

function, we can calculate a—;n) . For a sigmoid function 8_;”) will be equal to:
S st
J ]
T
=y -y (35)
J
The output of the i-th neuron (n — 1)-th layer can be represented as:
s\
J__yln (36)
ot P

i
Thus, having differentiated (34) ygN) with respect to (35) and the Kolmogorov theorem with respect
to the weights of neurons in the output layer, we calculate the partial derivatives of the objective function:

(N)
B _ (v _gq \Yi_ o
aVVi(jn) _( j _dj)asgN) i (37)
E oy
Introducing the substitution sW=""_into (38), we obtain the values of neurons in the output
] ay(") os'M
\ S\
] J
layer:
(n)
M) _ () _ g \Yi
g —(yj dj)as(.“)' (38)

]
To determine ayﬂ“) the weight coefficients of neurons of the inner layers, we write (34) in the

following form:

8E :Z 8E ay1£n+l) asl(<n+l) :Z 8E aylgm—l) \AI(E+1). (39)
ay(Jn) - ayl((ml) 8S|£n+l) aygn) - aylgm-l) 8Sl£n+l) J
OE ay(ml) ] )
Note that 6" = > ——— =Tk which allows using (32) to express the values 5" of n-th layer
(n+1) (n+1) j
k aYk 6Sk
neurons by means of (n + 1)-th layer neurons Sk(””) . 'You can get values 5}”) for milestone neurons of

all layers through the recursive formula for the last layer 5](“):

n n+ n+ dy
5" :(Zaé i ”j—‘- (40)
P ds;
Thus, (33) for the correction of weight coefficients takes the form:
A\NI(Jn) _ _7751@) ygn—l). (41)

The neuroregulator is trained using the backpropagation algorithm in several stages:

1. Assigning arbitrary initial values to the weight coefficients of the neural network and obtaining
the values of the objective function for these values.

2. The vector of the training set is fed to the input of the neural network, and then the output values
of the neural network are calculated, which form the memory vector from the values of each neuron.



3. The value s of the neurons in the output layer is calculated according to (38), and &\
J J

according to the recursive formula (40), the values are calculated using the neurons 5,5"”) of the (n +
1)-th layer, and then the weights of the neural network are changed according to (42).

4. Correction of network weights: wi"” = —wt” + Aui".

5. The objective function is calculated according to (32) and, if it is relatively small, we can assume
that the neural network has successfully passed the training procedure. Otherwise, go to step 2.

Consider as a control object TV3-117 TE, which is part of the power plant of the Mi-8MTV
helicopter. The simplified model of TV3-117 TE is described by the following equations:

— gas dispenser angle equation:

Ao =8y Ay +ay, - Gr +a5; - N (44)
— fuel consumption equation:
G =ay - Ay +ay, G +ay Ny (45)
— rotor r.p.m. equation:
Mo =@ Ay + 85, -Gr + 85Ny (46)
— free turbine rotor speed equation:
hFT =8y GT T8y Mg + 85 Nep +8y, - ADI + 85 MKR' (47)

The gas metering angle Ap, regulates the amount of incoming Gr fuel as a result of rotor r.p.m. nrc,
the rotation is transferred to the free turbine nger, which is loaded with Mgg. Thus, the general structure
of the control model is shown in fig. 7.

madel

Figure 7: General model structure: a — without neural network; b — using a neural network [48]

As input data, the thermogas-dynamic parameters of an aircraft engine nrc — rotor r.p.m.; ngr — free
turbine rotor rotational speed; T¢ — gas temperature in front of the compressor turbine, recorded on
board of the helicopter, reduced to absolute parameters, according to the theory of gas-dynamic
similarity, developed by Professor Valery Avgustinovich (table 1).

Table 1
Fragment of the training sample during the operation of helicopters TE (on the example of TV3-117 TE)
Number Ts Nrc Ner
1 0.932 0.929 0.943
2 0.964 0.933 0.982
3 0.917 0.952 0.962
4 0.908 0.988 0.987
5 0.899 0.991 0.972
156 0.953 0.973 0.981

4. Helicopters turboshaft engines automatic control system modification

Helicopters TE ACS was developed in [49] (fig. 8), where TE — helicopter TE, TE Model — model of
helicopter TE, LB — logical block, FMU — fuel metering unit, FMU model — model of fuel metering unit.
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Figure 8: Helicopters TE automatic control system [49]

Modification of developed helicopters TE ACS (fig. 8) consists in adding software modules
modified compared to [49] that implement adaptive control methods:

— signal adaptation module with submodules of reference and adjustable models;

— parametric adaptation module.

In this paper, we consider the addition of developed helicopters TE ACS with a reference model
module (fig. 9, a), a signal adaptation module (fig. 9, b). The vector x is presented in the following
form: x1 = ner — free turbine rotor rotational speed, X2 = ntc — rotor r.p.m., X3 — gas metering regulator
integrator, X4 — ner regulator integrator, that is, the input data vector Y° is supplemented with the free
speed parameter. turbines ner and, accordingly, is converted to the form Y° :(n°Fr ,Moe ,T(;‘O).

Xi — Reference Xp[ Signa_l
step, s—» model —»Xrm adaptation —»Z
’ module module
a b

Figure 9: Additional modules structural diagram: a — signal adaptation module; b — reference model module

Reference model module operation principle. The input of the module receives engine’s thermogas-
dynamic parameters values and the step of solving differential equations. Based on the obtained data,
the model state variables are sequentially calculated. The first order method is used to solve differential
equations. The reference model state vector Xgrm is the output variable of the module.

Signal adaptation module operation principle. The input of the module receives: xy — State vector of
the custom model and x — reduced state vector of helicopters TE. Based on the obtained data, the
mismatch vector is calculated. After that, the weighted sum of the mismatch vector is calculated. Then
the signal action z is calculated. To create a signal adaptive helicopters TE ACS, reference model and
signal adaptation modules are additionally included in the standard regulator. The adaptation subsystem
will work in accordance with the algorithm shown in fig. 10.

\ Mismatch vector calculation

Weighted sum of the mismatch vector
calculation

[ Sigmoid function value calculation ]

\ Signal impact value calculation

Figure 10: Block diagram of the algorithm of the adaptation module with signal adaptation




5. Results and discussion
5.1. Neural network training results

In the course of the experiments, the following parameters of ANN were chosen: 1) type — NEWFF
multilayer ANN; 2) number of hidden layers — two; 3) the number neurons in the first layer — 16; 4)
number of neurons in the second layer — 20; 5) number of neurons in the output layer — 3; ANN training
method — training with a teacher using the error backpropagation algorithm (training a neurocontroller
using a neuroemulator) [46]. Table 2 presents a comparative analysis of NEWFF multilayer ANN
training results, the results of which gave grounds for choosing an error backpropagation algorithm.
Table 2
Results of neural network training by various algorithms

.. . Root-mean-square Number of training Number of neurons in
Training Algorithm .
error epochs the hidden layer
Proposed algorithm 1.99794 600 16
Back propagation 2.38061 650 18
Conjugate gradient 4.35773 830 36
Quick propagation 4.14182 790 32
Quasi-Newton 3.14325 750 20
Lewenberg-Marquardt 3.07164 720 20
Delta bar delta 3.23218 770 26
Resilient propagation 3.43016 850 24
Genetic Algorithm 2.19735 630 18

The ANN was trained for 600 epochs, the training accuracy characteristic is shown in fig. 11, a,
while the steady-state root-mean-square error (RMS) is ~1.99794. According to fig. 11, b, the number
of neurons in the hidden layer that provide the smallest training error is 16 neurons.
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Figure 11: Neural network training results: a — characteristic of the accuracy of neural network
training; b — dependence of training error on the complexity of the neural network

An important issue is the assessment of the homogeneity of the training and test samples. To do this,
we use the Fisher-Pearson criterion y2 [50] with r —k -1 degrees of freedom:

i=1 np| (
where 8§ — maximum likelihood estimate found from the frequencies my, ..., m; n —number of elements
in the sample; pi(d) — probabilities of elementary outcomes up to some indeterminate k-dimensional
parameter 6.
The final stage of statistical data processing is their normalization, which can be performed
according to the expression:



yi — Yi = Yimin : (49)
Yimax = Yimin
where y, — dimensionless quantity in the range [0; 1]; Yimin @nd Yimax — minimum and maximum values

of the y; variable.
In order to establish the representativeness of the training and test samples, a cluster analysis of the
initial data was carried out (table 1), during which eight classes were identified (fig. 12, a). After the
randomization procedure, the actual training (control) and test samples were selected (in a ratio of 2:1,
that is, 67% and 33%). The process of clustering the training (fig. 12, b) and test samples shows that
they, like the original sample, contain eight classes each. The distances between the clusters practically
coincide in each of the considered samples, therefore, the training and test samples are representative.
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Figure 12: Clustering results: a —initial experimental sample (1...VIIl — classes); b — training sample

The specified statistics y2 allows, under the above assumptions, to test the hypothesis about the
representability of sample variances and covariances of factors contained in the statistical model. The
area of acceptance of the hypothesis is * < y, ... , Where a — significance level of the criterion. The

results of calculations according to (48) are given in table 3.

Table 3

Fragment of the training sample during the operation of helicopters TE (on the example of TV3-117 TE)

Number P(Ts) P(nrc) P(ne7)

1 0.561 0.109 0.652

2 0.588 0.155 0.574

3 0.542 0.128 0.515

4 0.612 0.147 0.655

5 0.644 0.121 0.612

156 0.537 0.098 0.651
Calculating the value of 2 from the observed frequencies my, ..., m (summing line by line the

probabilities of the outcomes of each measured value) and comparing it with the critical values of the
distribution y2 with the number of degrees of freedom r —k —1. In this work, with the number of degrees
of freedom r —k -1 = 13 and o = 0.05, the random variable 2 = 3.588 did not exceed the critical value
from table 3 is 22.362, which means that the hypothesis of the normal distribution law can be accepted
and the samples are homogeneous.

5.2. Initial verification of the signal setting with the reference model

In the case of using the signal branch with the sign function sign (29), high-frequency oscillations
occur due to the sliding mode. In view of the design of the gas dispenser, these fluctuations are
unacceptable. To eliminate this lack of signal adaptation, the signal branch equation was transformed into



(31). Here the sign function sign has been replaced by a smooth sigma function. As a result, high-
frequency oscillations were eliminated. Thus, a distinctive feature of the obtained adaptive control method
is an additional signal action, which at each moment of time corresponds to a weighted sum of mismatch
signals. High-frequency oscillations that occur when using the signal branch with the sign function are
shown in fig. 13, a, and an example of the absence of high-frequency oscillations is shown in fig. 13, b.
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Figure 13: Diagrams of the study of high-frequency oscillations

In the case of using a linear reference model with signal setting (31), a static error occurs. This is due
to the fact that fuel consumption and rotor r.p.m. non-linearly, which leads to a non-zero value of the
signal branch in static mode. Thus, the reference model must be supplemented with static characteristics.

The results of modeling a neural network system with a signal setting and a reference model are shown
in fig. 14, where 1 —reference model, 2 — system with the signal setting, 3 — system with the factory regulator.
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Figure 14: Diagrams of change: a — free turbine speed; b — rotor r.p.m.; ¢ — dispenser controller
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Thanks to the use of signal setting, the transient time has been significantly reduced and the stability of
the system has increased. Improvement in quality indicators during transients are shown in tables 4 and 5.



Table 4
Quality indicators for ngr of the reference model with a signal regulator

Regulator type  Maximum deviation, rpom Transient process time,s Number of vibrations

Regular 450 8.5 2
Adaptive 320 3.7 0
Table 5
Improvement of quality indicators for ngr of the reference model with a signal regulator
Improvement, % 30.18 58.37 100
Section of the transition process, s 0..10 0..10 0..10

5.3. Secondary verification of the signal setting with the reference model

The next step is the study of adaptive controllers on complex element-by-element models of
aviation gas turbine engines of helicopters. Let us consider the operation of an adaptive controller with
a signal branch (30) and a reference model [43]. The check is carried out in a full-time engine regulator,
which includes various limitation and control circuits. The free turbine speed stabilization circuit is
adaptive. At the first stage, the load was set by an instantaneous change in the active power, further
checks were made for a variety of operational situations of the engine. Comparison of a standard
regulator and a standard regulator with a signal setting is shown in fig. 15, where 1 — standard regulator
with a signal setting, 2 — standard regulator.
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Figure 15: Diagrams of change: a — free turbine speed; b — rotor r.p.m.; c — fuel consumption

From fig. 15 it follows that the engine operation mode with a load change affects the improvement
of the quality of free turbine speed transient processes, which is associated with the setting of the
reference model, while from the 45th second the reaction of the reference model is deliberately
idealized, as a result of which the mismatch of the parameters with the element-by-element model
engine gets too big. As a result, the fuel consumption generated by the adaptive loop becomes
unacceptable, therefore, the control priority is transferred to another control loop. From this it follows
that the adaptive ACS does not pose a danger, thanks to the selection scheme. In table. 6 and 7 show
the improvement in quality indicators.



Table 6
Quality indicators for ngr of the reference model with a signal regulator
Regulator type  Maximum deviation, rpom Transient process time,s Number of vibrations

Regular 1080 4.8 0
Adaptive 580 3.2 1
Table 7
Improvement of quality indicators for ngr of the reference model with a signal regulator
Improvement, % 43.24 60.96 -
Section of the transition process, s 30...40 30...40 10...20

5.4. Transient process section simulation

In the process of modeling the transient process in the time interval from 0 to 10 s, we consider that
the control variable is the angle of the gas dispenser, and the control variable is the free turbine rotor
speed. The paper compares the output graph of the transient process using PID control with the graph
of the transient process using hybrid neuro-PID control, the resulting diagram is shown in fig. 16.
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Figure 16: Transient process diagram: 1 — initial diagram using PID control (fig. 7, a); 2 — original
diagram using hybrid neuro-PID control (fig. 7, b)

From fig. 16 shows that when using hybrid neuro-PID control, the following indicators of control
quality are improved: error in the steady state, overshoot and transient time, the number of oscillations
during the transient process. The system comparison is justified because the PID controller tuning in
the first experiment is the starting point for neural network tuning.

5.5. Performance evaluation

A comparative analysis of the accuracy of the classical and neural network methods for controlling
helicopters TE (on the example of the TV3-117 engine) is given in table 8, which shows the probabilities
of errors of the 1st and 2nd kind when determining the optimal parameters nrc and ner.

Table 8
Comparative characteristics of methods

Method of determination Probability of error in determining the optimal
parameters nyc and ngr, %
Determination of the Determination of the

optimal parameter nyc optimal parameter ngr

Type 1st Type 2nd Type 1st Type 2nd
error error error error
Classic (method of tolerance control) 1.85 1.12 2.38 1.76
Neural Network 0.63 0.24 0.74 0.24




The result obtained confirms the possibility of using hybrid neuro-PID control in the framework of
the problem under consideration.

6. Conclusions

1. The method of adaptive control with a reference model and signal setting has been further
developed, which makes it possible to helicopters turboshaft engines controlling process automate at
flight modes.

2. The neural network method for monitoring the operational status of helicopters turboshaft engines
at flight modes was further developed, which, through the use of a hybrid neuro-PID control, including
neural control with an emulator and controller, made it possible to reduce errors of the first and second
kind in determining the optimal engine parameters.

3. It has been proven that the use of signal regulator units with a reference model in helicopter
aircraft engines automatic control system improves the quality of transient recognition by an average
of 60 % compared to the use of standard controllers.
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