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Abstract: For a class of aeroengine nonlinear systems. a novel nonlinear sliding mode controller (SMC) design
method based on artificial bee colony (ABC) algorithm is proposed. In view of the strong nonlinearity and uncer-
tainty of aeroengines, sliding mode control strategy is adopted to design controller for the aeroengine. On basis of
exact linearization approach, the nonlinear sliding mode controller is obtained conveniently. By using ABC algo-
rithm, the parameters in the designed controller can be tuned to achieve optimal performance, resulting in a closed-
loop system with satisfactory dynamic performance and high steady accuracy. Simulation on an aeroengine verifies
the effectiveness of the presented method.
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0 Introduction

Aeroengines are a kind of strong nonlinear
systems of complicated thermodynamic, while
their working conditions are very poor generally.
In the actual aeroengine system, there exist non-
linear unknown disturbances and nonlinear pa-
rameter perturbations, so the system needs to be
controlled in order to reach good dynamic per-

formance and robustness .

The design of con-
troller is an essential problem in the field of aero-
engines. There are several common control meth-
ods, such as PID ( Proportion-intergral-derivac-

1(37

tive) control”®’, LQR(Linear quadratic regulator)

control 9, H.. control ), adaptive control®,
robust control™, ete. The general linear control
method cannot meet the requirement of perform-
ance in large deviation of aeroengine due to its
complicated thermodynamic process and nonlinear
factors. Therefone, it is necessary to study the
aeroengine nonlinear control"**,

The designed controller based on approxi-
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mate linearization cannot guarantee the system
stability in large initial deviation, and this will
have a negative effect on aeroengines. While the
exact linearization theory based on the differential
geometry can exactly solve the control problem of
nonlinear system in large deviation under certain
conditions "', Sliding mode control (SMC), also
known as variable structure control (VSC) or
sliding mode  variable structure control
(SMVSC), purposely changes the control struc-
ture according to the current system state, and
then forces the system's trajectories to reach the
sliding mode in finite time''""*', SMC has invaria-
bility when the parameters change and the dis-
turbances exist, so it possesses great research
value. Artificial bee colony (ABC) algorithm is
an optimization algorithm on basis of the intelli-
gent behavior of honey bee swarm™*. This algo-
rithm has advantages of easiness, simple calcula-
tion, good optimization performance and strong
robustness, so it can be used to tune the parame-

ters of the nonlinear controller of aeroengines to
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obtain the optimal performance.

In recent years, many advanced design meth-
ods of nonlinear control system have been applied
to aeroengines, such as nonlinear predictive con-

1:15]

trol™, nonlinear back-stepping control™®, intel-

0719 - nonlinear control based on a

ligent control
generalized Gronwall-Bellman Lemma®!, etc. At
present, ABC algorithm has been used in aero-
space domain. In Ref. [21], ABC algorithm is
used for parametric optimization of spacecraft at-
titude tracking controller. In Ref. [22], ABC al-
gorithm is used for path planning of unmanned air
vehicle. For a class of affine nonlinear mathemat-
ical model of aeroengines, a nonlinear sliding

mode controller based on ABC algorithm is de-

signed.

1 Preliminaries

1.1 Exact linearization theory

Only an affine nonlinear system
x=f(x)+B(u+d) @b)
can be exactly linearized, where x is a n-dimen-
sion state vector, f(x) the smooth n-dimension
vector function and f=[ f,,**. f,]" ,B(x) thenX
m function matrix and B=1[b,,**,b, | » u the m-
dimension control vector, and d(z) the n-dimen-
sion interference vector. d(z) satisfies the matc-
hing condition
rank(B,d) =rank(B) (2)
Exact linearization theory is based on the dif-
ferential geometry. Some definitions are clarified
as follows:
(1) Lie derivative and Lie bracket
Lie derivative of two functions, g and f can
be defined as
Lgq=(Vf 3)
where q is a continuous and smooth scalar func-
tion, ¢ = q(x) , f the smooth n-dimension vector
function and f=[f,(x) ., f,(x)]T,Vq the Ja-
cobian matrix of q and L}qg =¢q,Lq =L ,(L}'q) =
(VL7'q) f.i =2. Besides, Lie bracket of g and f
can be defined as ad b = [f.b] = (Vb)f —
(VP brad’b =bradib = frad’'b]si = 1.
(2) Involutiveness

A collection of linearly independent vector

functions {G, ,+**,G,, } onQC R"is involutive, if it
satisfies
[G:,G,] € span{G,,-+,G,}
iyj=1,,m 4
Combining the conditions for exact lineariza-

[0 | we analyze sufficient

tion of nonlinear system
and necessary conditions for exact linearization of
the affine nonlinear system (Eq. (1)) as follows
(defining a set G, (a) ={adib,; .0 <k <i,1<{j <<
m,0<i<<n—1});:

(1) Rank(B,d) =rank(B), namely the matc-
hing condition of interference;

(2)When 0 << i << n— 1, the rank of G;(x)
does not change with x;

(3)When 0 << i << n— 2,each pair of G;(x) is

are involutive;

(4) Rank(G, ; (x)) =n.
1.2 ABC algorithm

ABC algorithm is a random search algorithm
based on group cooperation. It solves the optimi-
zation of target problems by imitating the honey
process of bee colony. ABC algorithm model is
systematically proposed by a Turkish academic
Karaboga D in 2005, and used to solve the opti-
mal value of the objective multivariate function.
It can be found that bees have high efficiency in
honey process and show an intelligent behavior.
In the honey process, the scouts in the bee colony
are in charge of searching the food sources, and
become the employed bees after finding a food
source. The employed bees {ly to the waiting are-
a, and share the information with the onlooker
bees by their own dance movements. The range
of the dance movements reflects the quality of the
food sources. Onlooker makes decisions to choose
a food source by comparing with the dance move-
ments. The efficiency of gathering honey can be
greatly increased by the mechanism that food
sources of high quality can attract more onlook-
ers. In ABC algorithm, a solution of optimization
problem corresponds to a food source, it means
that the higher quality the food source has, the
better the solution will be. The solution of prob-
lem is optimized by ABC, which will search bet-
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ter solutions.

Main feature of ABC algorithm is that special
information of problems is not necessary, in-
stead, this algorithm only needs to compare with
the advantages and disadvantages of the prob-
lems, enables each individual to have local opti-
mization-oriented operation, and finds the global
optimum value in the colony.

ABC algorithm model contains three ele-
ments of food source, employed bees, and unem-
ployed bees. And the unemployed bees can be di-
vided into onlookers and scouts. In this paper,
employed bees account for half of the colony size.

ABC algorithm flowchart is shown in Fig. 1.

Start

Initialization phase

—

| Employed bee phase

!

Onlooker phase

!

| Scouter phase ‘

Cycle<Maxcycles
N

End

Fig. 1 Flowchart of ABC algorithm

ABC algorithm process includes initialization
phase, employed bee phase, onlooker phase, and
scouter phase.

In the initialization phase, scouts initialize
the solution vectors by
X, =lower(i) +rand X Cupper(i) —lower(z)) (5)
where rand is a random variable and rand € [0,
1],m the integer between 1 and half of the colony
size, and i the integer between 1 and the dimen-
sion of solution vector, lower(i) and upper(i)are
the lower limit and upper limit of X,,;, respective-
ly.

In the employed phase, the employed bees
find the previous food source or solution vector by

memory, and conduct neighborhood search by

Vi =X + ¢ (X, — X)) (6)
where & is the random variable and k % m;g,,; the
random variable, ¢,; € [—asa]and a =1 in this
paper; and j the random integer, j € [1.D,, ] and
D,, the number of parameters or the dimension of
solution vector. If V,; exceeds the value range, it
is substituted by the nearest limit value. Next,
the greedy selection mechanism is used to choose
better solution vector, that is, if the new solution
vector is better than the old one, the solution vec-
tor is updated.

In the onlooker phase, the probability of an
employed bee being selected is calculated by
fit(X,,)

Colony size/2

2 fit(X)

i=1

P,= (7
where P,, are the probability of selection of em-
ployed bee, fit (X,,) the fitness values for indi-
vidual X, , and colony size the individual number.
The onlookers conduct neighborhood search by
Eq. (6) after selecting a food source.

In the scouter phase, If the number of up-
dates for a employed bee's solution vector reaches
the limit, the employed bee transforms into a
scouter again, and initializes the solution vector
by Eq. (5).

The optimal solution is obtained while ABC
algorithm execute the loops for the pre-set max
times. ABC algorithm possesses advantages of
less control parameters, easiness, simple calcula-
tion, good optimization performance and strong
robustness, so it can self-tune the parameters of
aeroengine nonlinear controller to obtain a opti-

mal performance.

2 ABC-Based Aeroengine Nonlinear
Sliding Mode Controller Design
There are lots of aeroengines that can be de-

scribed by  the

(Eq. (1)F16:27 ° For example, the aeroengine

affine  nonlinear model

nonlinear model given in Ref. [20] is
—4.147 6 1.410 8
| |

0.297 5 —3.124 4

122% — a3 [o. 249 1}
|+ u
— 1. 72} + 23 0.233 6
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8.737 9 0
y=13.3033 3.8025|x (8)
2.194 0 2.574 9
where u is the increment of fuel flow and u =
AW, sx =[x, ,2,]", and x, and x, are the inter-
[PCN2R P /Py

P /Pss]" . and each component of x and y is a

mediate variables; y =
normalized relative increment and saves the incre-
ment sign A. In y, PCN2R indicates the percent
corrected fan speed, Ps; the high-pressure turbine
exit pressure, P,; the compressor inlet pressure,

and P, the bypass duct pressure. Let

—4.1476  1.410 8 } 1225 — x5
x+ ‘ )
—3.124 4 —1.72% + 2%

0.297 5
122% — 2% —4.147 62, + 1. 410 8z, y
— 1. 728 + 2% 4+ 0.297 5x, —3.124 4z,

fl) = [

and
[O. 249 1}
B= (10)
0.233 6
then
x=f(zx) + Bu (1)

On this basis, add an interference d = Dg (¢)
into it, where g(¢) is a scalar function. There-
fore, the aeroengine nonlinear system with inter-
ference can be represented as

x=f(x)+ Bu-+d() (12)
just like Eq. (1).

In the following, a novel nonlinear sliding
mode controller design method for aeroengines
which are in the form of Eq. (1), will be given
based on ABC algorithm.

First of all, a smooth m-dimension vector
vh, 1.
The derivative of h; (1 << i < m ) along system

function h is introduced, where h=[h, ,+-*

(Eq. (1)) is represented as
hi=Yh; « (f+Bu-+d) =

L4 DLy b, + Lah, (13)
i=1

When L,,Jh, = 0, by the matching condition
(Eq. (2)), it can be concluded that L,2; =0, and
L,(Lth;) =0 as long as L, (Lth) = 0. At this
point, the second derivati\}e of h; along system

(Eq. (1)) is expressed as

m

ho=L, + ZL,,j (LhDu; + L,(La) (14)
=1

When there exists a minimum integer », which
satisfies
L/,j (Lth) =0
1<y <m0 k<r,—1 (15
and j satisfies
L, (Ly7'h) #£ 0 (16)
then system(Eq. (1)) has relative orders {r, .,
r.,.t and total relative order r =+, + +=+ +r,,.
For each h;
th’” =L%h,

1}15}") :L;«’h, + ZL/,J (L;‘ilh,‘)l/{j +L4(L}"71h,‘)
j=1

an
The coefficient matrix of input vector u in
Eq. (17), namely the decoupling matrix, can be
represented as
L, (Lp'hy) L, (Lp'hy)
E(x) = :

Ly, (L 'h,) L, (L 'h,)

18
Assuming E(x) is reversible, P(x) =[Ljh,,,
L;’“h ,,,]T and Q(.T) - [L([(L;’lilhl) 9%

L,(L» 'h,)]" , the nonlinear state transforma-

tion
Ad=THx)=Lh, 0 i<m;0<j<<r —1
2z, =T, (x) r+1<<k<n

a9y

and the input transformation
u=E"'"()[v—P(x) —Q(x)] 20)
are applied, then the system described by Eq. (1)

can be represented as

x —Ax + By
, @D
§=alx,) +px,Dv

where x = [}, i e ez 1,0 =

(2gp 5o 927,)’1‘ sV = ['Ul 9 U,y T sA == diag(gl PRAA)
Am) 9B - dlag(gl [ 9571,) ’ and V; =

DL, (Li'hy)  w, + Liph, + L,(Li 'h) A, =
k=1

0 1 0 =+ 0 (0]
0 0 1 == 0 0
N : b, = 1< <
0 0 1 0
L0 0 0 0], L1«
m.
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Evidently, x and ¢ are an n-dimension state
vector and an 7 dimension state vector, respec-
tively. Therefore, only when r=n, { will not ex-
ist, and then system (Eq. (1)) can be represented

as

¥ =Ax + By (22)

If sufficient and necessary conditions for ex-
act linearization of Eq. (1) can be satisfied, by re-
ferring to Section 1. 1, the existence of A and the
equation r =n will be satisfied.

Aimed at Eq. (22) this paper designs a non-
linear sliding mode controller and optimizes the
parameters by the ABC algorithm. Obviously,
Eq. (22) can be partitioned into m subsystems as
follows

2, =Az, + b,
sz

the switching function of SMC is set as

i1=1,,m (23)

where z; = [ 27, For each subsystem,

r—2
i

Si :C,'z, — § C{"Z{ + Z;’il

j=0

1=1,,m (24)

where C; = [ ¢ ,++,cli ?

,1] and each ¢/ is a design
parameter which ensures that the polynomial p’i™
i Epri A4l p ¢! satisfies Hurwitz stabili-
ty ( pis Laplace operator). Thus, the system is
asymptotic stable after reaching each sliding sur-
face s, =0.

By the "reaching law approach”, the reaching
law for each subsystem can be designed as

i=1,,m (25
wheree; > 0 and k; == 0. By Lyapunov theory, a

s;=—ks; —e;sgn(s;)

Lyapunov function is defined as V, = %\f , then

V, =55, namely

V,=—ks? —esgn(s;) » s, =

— kst —eg =1, ,m (26)
Obviously, V: << 0, so the system can reach the

s;
sliding surface s; =0 in finite time. Because

5;=Cz,=CAz,+Cby, i=1,.m (27)
Cb, =1, Cb, is reversible, thus

v, =—(Cb) '[CAz, + ks, +esgnis)]
i=1,,m (28)

Substituting Eq. (28) into Eq. (20), the designed
nonlinear sliding mode controller can be represen-
ted as

u=E"'(z2) .

J —(Cb) '[CiA 2, + kis, +ersgn(s)]

1 —(C,b,) '[CA 2, + ks, +ensgn(s,)]
P(x) —Q(x) (29)

In order to eliminate the chattering phenome-
non in SMC, this paper uses a quasi-sliding mode
method, namely adopting the saturation function
sat(s) to replace the sign function sgn(s). The
saturation function sat(s) can be represented as

1 s> A
sat(s) =<(1/A) « 5 |s|<<A (30)
—1 s<—A
where A is the boundary layer thickness. To avoid
the degradation of the anti-jamming capability due
to large boundary layer thickness, set A =0.001.
Then the designed controller will be
u=E"'(x) «
—(C,b) l[Clglzl + kis; +ersat(sy) ]

7 (CNIE]” )71 [C’ﬂg 1”z m + k/?ls”l + €’Yl Sat(s/” )]
P(x) —0(x) 3D

Next, the controller parameters are opti-
mized by using ABC algorithm to obtain optimal
performance. In Eq. (31) , the design parameters
are ),y i %, e, and ke, >0 & kb, = 0,i=1,
vy m ).

Therefore, the solution vector of the de-
signed controller in ABC algorithm is an n +m di-
mensional vector

[C(f yeee ’dr? SRV TR ’C?” y oo ,c‘f/,fz e ’km]
The objective performance function for ABC algo-
rithm is designed based on the systems’ state re-

sponses as follows
] :J [U«'l
0

where e; (£) ,:++,e,(¢) are the errors of x; .+, 2, at

e (D + o+ w,

e, ()| ]de(32)

time ¢, respectively. w, ,***,w, are the weights,
forming the equation w, + *++ + w, = 1.

The steps for parameter optimization of aero-
engine nonlinear sliding mode controller based on
ABC algorithm are shown as:

Step 1 Set n + m dimensional solution vec-
tors corresponding to the n+m design parameters

0 r—2 0 r —2
( €y sty X551 7k19"'7(‘,,”"'7(';/,” ’E,,,ak,,, ) of the
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designed aeroengine nonlinear sliding mode con-
troller, and initialize all the vectors by Eq. (5).

Step 2 Calculate the objective Eq. (32) of all
the solution vectors, then set the minimum func-
tion value and the corresponding optimum vector
as the global minimum function value and global
optimum vector,

Step 3 Startthe cycles, and set the numbers
of the no-updated times for employed bees as 0.

Step 4 The employed bees execute neigh-
borhood search by Eq. (6) to find new solution
vectors, and choose better vectors through the
greedy selection mechanism.

Step §

better solution vector, the number of the no-up-

If some employed bees do not find a

dated times for it will be the old value plus 1.

Step 6 Calculate the probabilities of all the
employed bees being selected by Eq. (7), and the
onlookers execute random selection, the em-
ployed bees which have larger probability are
more likely to be selected.

Step 7 The onlookers execute neighborhood
search, choose better vectors through the greedy
selection mechanism, and calculate the numbers
of the no-updated times with method in Step 5.

Step 8 Confirm the minimum function value
in this cycle, if it is less than the value in the last
cycle, set it as the global minimum function val-
ue, and set the corresponding solution vector as
the global optimum vector.

Step 9 If the number of the no-updated
times for some employed bees is larger than the
pre-set limit times, this employed bee turns into a
scouter, and initialize the solution vector by
Eq. (5).

Step 10

pre-set maximum cycle times, go to Step 2, oth-

If the cycle times do not achieve the

erwise, the cycle ends and obtains the optimum

controller parameters.

3 Simulation

Aimed at the aeroengine system (Eq. (12)),
supposing D =B , the interference matching con-
dition(Eq. (12)) will be satisfied. In the simula-
tion, g(z) =50sin(10xt) is set. As for the sys-

tem(Eq. (12)), m=1and B=[b]. Then
0.249 1
Go(x){b}{{ }}
0.2336
G (z) ={b,ad b} =
0.249 1 5.806x; — 0. 467 22, —0.739 1
{{O. 233 6} T [O. 467 2x, — 0. 822 5x, — 0. 657 9} }
(33
Obviously, sufficient and necessary conditions for
exact linearization of Eq. (12) can be satisfied. by
reference to Section 1. 1.
Then, the smooth m-dimension vector func-

tion h(x) is introduced, and

Il/)h =0
L,(Lk) #0 (34)
such that
oh,
ab =0 (35)
Let
o(x) :% (36)

where ¢ (x) is a 1 X 2 function matrix, so
o(2)b=0 37
If h(x) is smooth sufficiently, h(x) has sec-
ond partial derivatives and they are equal, namely

’h__ I’h
dx,dx, dx,dx,

(38)

then

Igi (2) _ g, (2)
(7.1‘2 aIl

(39

If o(z) = [¢1(x),0.(x)] exists and satisfies
Egs. (37) and (39), h(x) can be solved using in-
tegration method by substituting ¢@(x) into
Eq. (36). Here, a solution of h(x) is obtained
h=0.027 284 48x} —0.029 257 8052} —
0.056 507 84, (40)
then
Lk =0.750 890 8525 — 0.578 617 54aay —
0.257 874 9221 —0.111 076 8xy x5 —
0.485 759 62x,2, —0.002 007 7723 +
0.103 104 91x3 4D
L,(L/) =0.409 756 43x] — 0. 331 830 252, —
0.011 286 438x; — 0. 028 276 523x5 +
0.165 675 87, 42)
Lih =28.0157 203 51xf — 13.509 159 92232, —
17.138 334 423 —4.153 972 05272 +
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15.510 572 89xix, + 2. 422 889 98a7 +
0.935 081 48x,23 +0.551 879 85z, x5 +
4,329 871 54x,2, +0.105 053 4823 —
0.417 437 721323 +0.041 027 7025 (43)
L,(Lh) =—g()(0.409 756 43xF —
0.331 830 25x,x, —0.011 286 4382z, —
0.028 276 52325 +0.165 675 87x,) (44)
By the method proposed in Section 2, E(x) =
L,(Lh),E(x) is reversible, P(z) =Lh,Q(x) =
L,(L /). Then the nonlinear state transformation
x=[h Ln]" (45)
and the input transformation
v=L, (L&)« u+L}h +L,(L}h) (46)
are applied. Therefore, the original system x =
f(x) + Bu +d(t) is transformed into

X —Ax - By 47)

- 0 1 ~ 0
whereAZ[ }andBZ[]
0 0 1

In Eq. (47), ;1 =2x,, thus the switching con-
trol function can be designed as
s(x) =Cx =cx, + . (48)
where C=[c¢.,1] and ¢ is a design parameter which
ensures that p+ ¢ satisfies Hurwitz stability ( pis
Laplace operator). By Hurwitz criterion, the root
of p + ¢ =0 should possess a negative real part,
namely ¢ > 0. Substitutingx =[h L/ ]" intos=
s(x) , then
() =5(x) |imp pm =ch (@) + Lh ()
49
By Section 2, the reaching law is designed as
5 =—hs —esat(s) (50)

ds ~

;:?; =C(Ax +Bv) =CAx +CBv (51)
dx
and CB =1 which means CB is reversible, so
v=—(CB) '(CAx + ks +-esat(s))  (52)
Substituting Eq. (52) into Eq. (46) , the designed
nonlinear sliding mode controller can be represen-
ted as
wu=—"[L,(LAh)] "{(CB) '(CAx + ks +
esat(s)) —[L:h + L, (L) ]} (53)
8.737 9 0
In Eq. (8), y=3.3033 3.8025|x, sox,
2.194 0 2.574 9

has greater impact than x, on average. Therefore,

setw, = 0.9 and w, = 0.1 in this paper. In the
simulation, the ranges of the design parameters
are defined around experiential values, which are
listed in Table 1 and parameter settings of ABC

algorithm are shown in Table 2.

Table 1 Range of design parameters
Parameter Minimum Maximum
¢ 0.5 5
k 3 30
€ 10 60

Table 2 Parameter settings of ABC algorithm

Parameter Value
Colony size 10
Maximal cycle times 50
Maximal no-updated times 10

The ABC-based aeroengine nonlinear sliding
mode control algorithm is firstly simulated under
the same initial condition ( x(0) =[—0.5—1]")
as in Ref. [20] to be compared with the controller
designed by the Gronwall-Bellman Lemma ap-
proach. At x(0) =[— 0.5 — 11", Fig. 2 shows
the convergence of the global optimal value in
ABC algorithm. obviously, and the ABC algo-
rithm converges very fast. In the end, the global
optimal value is 0. 0 107 377 and the global opti-
mal solution is [c.k.e] = [3.565 2,14.945 8,
50.678 8] .

designed controller using ABC-based aeroengine

Figs. 3,4 show the response of the

nonlinear sliding mode control algorithm. Since

the sliding surface expressed in the original state

0.013 5
0.0130
0.012 5
0.0120
0.0115

0.0110

0.0105
0

5 10 15 20 25 30 35 40 45 50
Cycles
Fig. 2 J functions of ABC algorithm at x(0) = [— 0.5
_ le



No. 2 Lu Binbin, et al. Aeroengine Nonlinear Sliding Mode Control Based on:-+

vector x(x = [z, x,]7) is s(x) = ch(x) +
L/ (x) =0 and the analytic solutions of this func-
tion is not unique, this paper uses the sliding sur-
face after state transformation s(x) =cx, +x, =0
and response of x, and x, to draw phase diagram
The phase diagram and s response
(See Fig. 3(b)) show that the system can reach
the sliding surface in a short time. The u response
shows that the designed controller can resist dis-
turbance well (Fig. 3 (c)). The state response
(Fig. 3(d)) and the output response (Fig. 4)
show that the ABC-based aeroengine nonlinear
sliding mode control algorithm has faster respon-
ses than the Gronwall-Bellman LLemma Approach
in Ref. [20] (Figs. 5,6).
To verify the adaptive ability in large devia-

tion of the designed controller, a simulation at

X

(a) Phase locus of sliding mode motion

Time /s

(b) Switching function

AW, response
Disturbance

Time / s
(c) u response

x, with ABC-SMC
x, with ABC-SMC

Time /s
(d) State response
Response at x(0) =[—0.5 —1]" using ABC-
based aeroengine nonlinear sliding mode control

algorithm

Time / s Time / s Time / s

Output responses at x(0) =[ —0.5 —1]" using
ABC-based aeroengine nonlinear sliding mode

control algorithm

0.4
0.2
0.0
0.2

-04
~0.61 x, with control
’ x, with control
-0.8} x, without control
x, without control

S || ——
0002040608 1.01.21.4 161820

Time / s

State responses at x(0) [—0.5 —1]" using
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another initial condition x(0) =[0.3 0.5]" is

given. Finally, the global optimal value is

0.004 928 9 and the global optimal solution is [¢,

k,e]=1[3.506 4,14.843 1,42.047 09]. The re-

sults show that the ABC-based aeroengine nonlin-
ear sliding mode control algorithm has a satisfy-

ing control effect as well (Figs. 7—9).
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4 Conclusions

A novel design approach of aeroengine non-
linear sliding mode controller based on ABC algo-
rithm is presented. The designed nonlinear con-
troller fully utilizes the advantages of sliding
mode control strategy and the optimization capac-

1.0 . : ity of ABC algorithm. The ABC-based aeroengine

Time /s nonlinear sliding mode controller can implement

(b) Switching function optimal control performance for the aeroengine.
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Simulation results show that the system has a
quick response, good anti-interference ability and
strong robustness, and can obtain optimal per-
formance owing to the designed control algo-

rithm.
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