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Abstract; A model reference adaptive control (MRAC) with smooth switching scheme was proposed for

piecewise linear systems, and the method was utilized in turbofan engine control to avoid the discontinuity of

control input. In this scheme, each sub-region of the operating envelope had its own MRAC controller, and

smooth indicator function based smooth switching scheme was introduced to switch multiple controllers

smoothly at the boundary of adjacent sub-regions. The Lyapunov stability analysis indicated that the proposed

smooth switching scheme can guarantee the convergence of the closed-loop system during the controllers switc-

hing. The tracking error system was converted into a switched system to analyze the global stability of the

closed-loop system. The advantage of the method was that the chattering of system output and instability

caused by asynchronous switching can be eliminated. The simulation illustrates the effectiveness of the proposed

control scheme in comparison with the existing MRAC controller with gain scheduling for turbofan engine.

Key words: model reference adaptive control; turbofan engine; smooth switching;

Lyapunov function; dwell time; Lyapunov stability
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With the increase in complexity and nonlin-
earity of aircraft engine, the control law that can
ensure desired dynamic performance over a large
operating envelope has received considerable at-
tentions. One approach, favored by researchers
in aircraft engine control, is to concentrate on
the controller design of linear model which re-
present the dynamic performance of engine a-
round a steady operating point, while the con-
troller for operating conditions located between
these neighboring points is determined by inter-

polating or switching between the corresponding
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controllerst'

. In the region around the selected
operating point, stability and desired dynamic
performance of closed-loop system can be pro-
vided by model
(MRAC) scheme.

Actually, many MRAC control laws for air-

reference adaptive control

craft engine have been proposed in the Ref. [ 7-
87]. Although these approaches can achieve de-
sired control performance in a small range of op-
erating conditions, MRAC scheme can’t provide
desired dynamic performance across a wide range

]

of operating conditions'™!. To overcome this
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problem, many improvements and results have
been published™"'*,

gies, adaptive control with multiple models and

[13-16]

Among these control strate-

switched system has received much attentions
In such scheme, the operating envelope is parti-
tioned into a series of sub-regions, in which the
dynamic behavior of aircraft engine is approxi-
mated by a linear model, and then controller is
designed for each linear model. In principle,
when the operating point moves from one sub-
region to another, the controller or control deci-

0718l - However, the

sion changes synchronously
MRAC controller switching from one to another
may introduce undesired effect on the system. In
addition, the switching signals available to the
controllers are often later than the changing of
system dynamics. That means, there exists a-
synchronous switching between the system dy-
namic and controller, and the asynchronous switc-
hing may lead to instability of the closed-loop sys-
tem. Similar problems have been addressed previ-
ously in Ref. [16,19], however, the control struc-
tures for sub-controller selection are complex.

The aim of this paper is to describe a simple
smooth switching scheme, which is capable of
switching one controller to another without dis-
continuity of control input in the entire range of
operating conditions. The novelty of this work is
that the smooth switching scheme combining the
MRAC control method for linear system and the
adaptive controllers that ensure the turbofan en-
gine can operate throughout the flight envelope
is designed. The adaptive laws for each sub-re-
gion can offset the bad effect of the changes in
dynamic characteristics and ensure the major
tracking behavior of the system. In this scheme,
smooth indicator functions are introduced to
make the controller evolve from one controller to
another in a continuous manner.

This paper is organized as follows. In sec-
tion 1, the piecewise linear system, state track-
ing control problem, and the smooth indicator
functions for the smooth switching are intro-
duced. In section 2, the controller structure is

presented. Stability properties of the system is

studied in section 3. The application of the pro-
posed scheme is demonstrated in section 4 fol-

lowed by conclusion.

1 Problem statement

Generally, the nonlinear aero-thermodynamic

model of aircraft engine can be described as

x = f(x.u) (D
where x € R” is the state vector, u € R” is the
control vector, and f (+) is an n-dimensional
nonlinear vector function which represents the
engine dynamics.

Make 2 € R* ™ represents the state-input
space which contains all possible system states
and corresponding control inputs (x,u), and the
space £ can be partitioned into L polyhedral re-
gions denoted by Q,, i€ I={1,2,--,L}, i. e.

L. Q.= Q. The interior of ; is denoted by
Q),i.e QN2 =T,Vi#j.i.j €I For con-
venience, the selected equilibrium point (x,;,
u, ;) for £; locates in the center of the sub-region.

The nonlinear model (Eq. (1)) can be ap-
proximated by a finite number of terms of its
Taylor series. If ignoring the high order terms,
the linearization approximation model of the air-

craft engine can be expressed as

x = f(x.u) &~ f(x,.u.) +ﬂ

Jx Cx; o0 )
J
i @
au (x,.u'",,ﬂ)
Ax = A() + Ax+B() « Au
where AX = X — X0 AU = u — U, A =
J J
o and B:J are the parameter
dx Gyt ) Ju [ER)

0

matrices of the linearized system. For the con-
venience of formula derivation, Ax, Au are de-
noted by x, y, and there is
xX=A+x+B-u (3
That means,in the sub-region ., the non-
linear system Eq. (1) can be approximated by
the linear system x;,=A, * x, +B, * u,. The cur-
rent state-input vector determines which sub-
system is activated. The parameters discontinui-
ties of (A(2), B(2)) can be characterize by indi-

cator functiont"”
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1, (x.u) € Q,
yi () = &)

0, otherwise

The common boundary of twoadjacent sub-
L

regions is merged into one of them, i. e. ZX" =
i=1

1. When the state of system (Eq. (1)) enters in-
to the sub-region £;, the i-th subsystem (A,
B,) would be active and yi (1) =1. Then, the

controlled sub-system can be expressed as

L L
i‘ - ZAI . X,(t) * X, + ZBI . Xl(t) ‘u;
i=1 i=1

5

During thesystem operation, corresponding

to the indicator function i (siel, there is the
{Losto)s ooy (Ujsty)s
(ist) s |1, €1,0<t, €ER,0<_k € Z}, in which

l, means that the state of system (Eq. (1)) en-

switching sequence

ters the sub-region Q, and [,-th subsystem is ac-
tivated, and ¢, is the instant of time that the
state of system (Eq. (1)) enters the sub-region
Q, and the active subsystem is switched to the
l,-th one.

MRAC method is used to design the con-
troller of each sub-system. In addition, the
smooth indicator functions (Eq. (6)) is intro-
duced to serve as smooth switching scheme for
controllers switching. Fig. 1 depicts the curve of

the smooth indicator functions.

7 (O

e
7 () = en @ | gtk g ®
eﬂ-4+k3-r1(2) (6)
Yi(z: (1) = @) —c, +k )
e‘(l t +e €y \3'11(/

where i=j+ 1 and 7, € I, 7, () denotes the
length of time to complete the controller switc-
hing. When t€ [¢;,¢,+7(1,)), thereis y, (1) =1,

121

1.0

(D), v,
o o
N oo

NN
(SRS

(=]

Fig. 1 Smooth indicator function

y:()&e[0,1], y;()€E[0,1]. The control input
during the switching process is determined by
w; ()=v;(t) «u;+7v, () » u;, where y; () and
7:(t) are monotonically increasing and monotonical-

ly decreasing functions, respectively.

2 MRAC controller design

In eachsub-region, a reference linear system
is selected to specify the desired response for the
controlled plant. System state x(z) is forced to
track the reference trajectory x,, () generated by
the reference model. The piecewise linear refer-
ence system is given by

Xn = A.x,. + B,r, (7

L L
where A, = EAm,l- s x: (), B, = ZBm,,- c i ()
i—1 i—1

Xu € R"and r; ER”. Suppose that A, ;.i€E I is

stable and there exists symmetric, positive defi-

nite matrix P; € R"*" and positive number 2A; such
that

AL Pi+PA, <—AP, i€l (8)

The exponential stability of Eq. (7) can be

demonstrated by studying the exponential stabil-

20 " If the current

ity of its homogeneous system
system state belongs to £,, the reference system
(A,.;sB,.;) is activated and i (=1

The following controller structure is applied

u(t) = K'x +K,r (9)

L
where K. (1) = > K..(0) « v, (), K.(1) =
i=1

L
EK,,,(I) « y: (1) are the estimates of nominal
i=1

controller parameters K; and K. , respectively.
The K;;,K; fulfill the following matching con-
ditions

A,.=A +BK:'.B,, = BK (10

For the nominal control gains, there are the
following assumptions:

Assumption 1 The estimated controller pa-
rameters K, ,K,..,i € I are bounded, i.e. K, €
[K...K..]. K., €[K.,.K.,]

Assumption 2 There
matrices S; € R?”*? such that

K. S, = S'K.' >0
When (x, u) €Q,, substituting Eq. (9) into

exists constant
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Eq. (3), then the closed-loop can be written as
x. (1) = A,.x;, +B.r, +B, K 'K .x +
B, K  'K.r (an
Following from Eq. (11) and Eq. (7), the
tracking error dynamic of the closed-loop system
can be written as

X;

(.,’,' - Am.iei +Bm.1er=i ! EK?’ Km‘][ i|(12)

r
Where e,=x, —x,...» K'.,=K',— KT and K, =
K], — K;!. Due to the variation of the plant
model (A.B), the estimated control parameters
are updated to ensure the asymptotic conver-
gence of the tracking error. Both these two pa-
rameters are adjusted adaptively as

K!.(t) =—TI..SB. . Pex!+F' (0

K., () =—T.,S'B! Per! +F, (1)
where I, ;,I'..; are positive scalar matrices given
by designers, and F.,(¢), F,.(t) are defined to
confine the estimated parameters inside the given

bound.

3 Stability and tracking properties

Switching generally affects the smoothness
of dynamical systems’ outputs and complicates
When ¢ € [t ,,4),
xi(O=1, 5 () =0,. e the j-th sub-system is
activated. When t€ [z;,1,), ;) =0, y. (D) =1,

the stability analysis.

i. e. the i-th subsystem is activated. The smooth
indicator functions (Eq. (6)) are introduced to
achieve smooth switching between the adjacent
subsystems (A;,B;) and (A;,B;). When t& [¢;,
t;+7(,)), (1)) ERT, t;<<t;+7(t;)<t; the con-
trol law takes the form
. =v,Ou +v7.(Du, (14
With the terms w;, =K x,+K, r;,u, is the
control input generated by the j-th controller.
The parameters K!; and K, ;, reference signal
r;, system state x; and tracking error e; are de-
fined in ;. That means, the j-th controller is
used to control the i-th sub-system partly until
the smooth switching process is completed. Con-
sider the state and variable transformation given
by x;=x;,+c¢c,;, rj=r,+c¢.; and e, =e,+c,; T
Cm...;i» where ¢, € R", ¢, € R”, and ¢, ,

Cn...;i €ER", these transformations are defined in

region ;€ Q,.

Consider the parameters x;,r;.e; in ;, and
assuming that the required parameters for the
calculation of u; can be transformed from the
corresponding parameters in £,, the same con-
trol architecture and control law yield the u;,.
Then Eq. (14) can be expressed as

u,, =Kl x; + K, r, +
7, (Kle. i + Ko e+ e (15)
where Ki; = 7,K.; + 7K., K.; = 7K., +
7K. ...

Substituting Eq. (15) into system Eq. (5),
there is

x = Anx, +B. K" e (Kl — K Dx, +
B.. K. 'K, ;r. +7B,..K. "
(Kl ciji+ K. c.,+eni) (16)

With substitution of (16) Eq. into Eq. (7),
there is

e =A,.e +yB, K. 'Kl x +
B K. KLx, + 7B, K. (K —K.Dx, +
VB KK e+ 7B KK+
vB..K. (K, —K Or +
VB K. (K e, K e e
an
Considering the tracking error
dynamic Eq. (15) and Eq. (17). For any R; >0,

there exists a set which satisfies S (R;) =

Lemma*-

{e.|]le()||<Rs}. If e, (1) € R"/S(R;), then
there exists p.>>0 such that
V(0 < ple]|?
(18)
V() < ple]?

Theorem 1  When t € [ ¢;,t,+7(t;)),i=j+
Liisjel, 4, (0)=0, 4, (1) =1, with the help of
smooth switching scheme (Eq. (6)), the con-
troller for sub-system (A;,B;) is switched as the
active controller gradually. Considering the
closed-loop system consisting of the piecewise
linear model(Eq. (5)), the reference model (Eq.
(7)), the smooth switching scheme (Eq. (6))
and the controller (Eq. (14)) adjusted as Eq.
e (1) | <o,

which satisfies

(13). For any initial tracking error |
o€ R", there exists k; € R
1/p * R, (al,ji+a3,ji+a2.ji ) ”ei ”Z + a; < k; tO

guarantee the convergence of e,(z), K', and K,., »
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and all signals in the closed-loop system are bounded o=

during the controller switching process. where ;= max,c; {sup[ tr(K, M. K" ,) +tr(KIL.MK..)]}
iy 4

Lo, —1. (20)

©

h *. Eq. (2 i ies th he Lya-
Proof When 1€ [t,,t; +7(t;)), we have where p € R a. (20) implies that the Lya

xi(O=1,7, (0 €[0,1],y7, ()€ [0,1], and the

current system state belongs to the sub-region

punov function (Eq. (19)) with the assumption

2 for any i,j € I satisfies

2 2
0,(1). Consider the Lyapunov function Biwin * e[ <V, () < B * e D] +p
V. (1) = elPie, + yj[tr(lz,..jM:jIN(}f.,) + (2].)
(REMR )+ 7 [ (R MR () + where B = max {Qmax (P Vs Biimin = min
tr(K" MK, )] a19) {Amin (P;) }. The derivative of V;,(¢) along Eq.
Under assumption 1, the following equality hold (13) and Eq. (17) is
V() =e'Pe+e'Pe+2 thr(K, MK, ()42 Eyktr(K,,M KT O+
k=1 (22)
2 Z'yk<z>tr<k.,..kMs,LI”<fﬁ?,k )+ 2 E'ykmmkr.ms,miu
With the adaptive law Eq. (13) and the assumption 2, there are
tr (K. .M.!K%.)=—¢/P B, K., K x;+tr (K. MJF!,) )

tr(KILMCK, ) =— ¢/P.B, K Klr, +tr (K M_F,)
Combining Eq. (17), Eq. (22) and Eq. (23), the derivative of V;,;(#) can be expressed as
V,..() < eAP,.e;+2y,e'P,,[BiKlx, +BK,r |+
27,e/P,;[B: (K. ] —K.[)x; + B (K ; —K;)r. + B, (K, c.; + K, c.; +e¢.;)]— 24
2y,e;P,B K, X; —2y,e/P,B K,, =2y, (L + k) (7, +ksvip
Substituting the transformed variables x; ,r; ,e; into Eq. (24), there is
Vi) <—2ePye. — 2y, (1t k) (7, +ksyp +2y,e/ P, [B (K. —K [x, +B, (K, — K r, ]+
2y,efP, B, (K! c.;; +Kye. i +euni)—2y,cl;,P,BK' e;— 2yl P,BK e —
2v;cl .P,;B K X — 2}/]-c3m,ﬁPjB]IzJT.jxml 2y;cl .P,B K € — 27t P BKT C.ji—
2y,¢! P BKri—2v,¢.n 'P,BKr, — 2yl ;PBK . —2ycl,. P,BKc., (25)
With the assumption 1, make the following definitions:
ar = sup| Py (B (K.J —K:.Dx, + B (K., —K:or ]|

@y = supll— TP BRY, . P BKL

QAs.ji = ‘EUP HP B, (K c.; +K. c.;+c.i) “

'l‘ T T T T
7 zjiPB'Kx/xmiic.x mszB'szxmzi 1/1PBK 1/1
o« _ T _ T _ T
ai; = sup ¢ iPBK e, —cl ;P BKr —cl...PBKr,
1€ co
T T
— ¢ PBK e —cl.PBKec.,

Then Eq. (25) can be expressed as
W,,‘(Z) <_ Aﬂ' ” Pj,,‘ - 2}/](1 +/3§ ) ()’, +k% % )(0 + 2)’},‘61].,]'1

jas e+ 2y,as | e |+ 27,a.,

(26)

As to theinitial tracking error e;(¢;) and given scalar R, >0, the set S(R,)={ ‘ He||2<R2 }is de-
fined. For any tracking error e; () €ER"/S(R,), there is

Vj.,(l‘) <7Ajl‘ﬁj(,min e; ”Z -+ 2}’/ [1%(“1.]1‘ +a3,]i +a2.ji ) ”ei ”Z +a1.] — (1 +ky) (7 + ks, )(0} 27)
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Defining d = H e; |Z/R2 (ar;tas,;ta )+ define

ar;—(1+ky) (v, +kyy)ps then V, , ()<<—2 »
Biwin € ||” + 27,d from which it follows that
V..()<<0 when 1/p* R Caryi + as; + azyi)
le:]|* +a,<ks.

Thus, all signals in the closed-loop system

e |

are bounded and the asymptotic convergence of
I??j K, ; and e, (¢) can be ensured. It can be con-
cluded, with the inequality, that there exists
0<k; ER™ for any e; to guarantee the stability of
the tracking error dynamic system Eq. (17).
Combining Eq. (20), Eq. (27) and the a-
bove mentioned k;, there is
AjifBji smin
Bit smax (1 £ &)
Q4R p—kA;iBimn V. (1)
Bitomax (1 + k)

V() <— V. () +

(28)

where £>0. For Vj,,-(t)>(1+/€)%p, V. () de-

cays faster than exponentially at the rate

Aiif3ji min
(A48 By omax
guaranteed not to increase, i. e., V;; (1) <
Vi), et ot; o).

The global stability and tracking character-

Therefore, the V;,; () can be

istics of the piecewise closed-loop system can be
summarized in the following theorem.

Theorem 2 Considering the closed-loop
system contains reference model (Eq. (7)),
piecewise linear system (Eq. (5)), smooth
switching scheme (Eq. (6))4 and state feedback
control law (Eq. (12)) with adaptive law Eq.
(20). Let the reference signals r; be sufficiently
rich of order (n+1) with distinct frequencies. If
the reference model (A.,.;,B..;) are controllable
and the switching signal be sufficiently slow
with dwell time Tgy.us then the estimation error
K',.K.,., and tracking error asymptotically con-
verge to zero for t—>co

When te [l‘,+f(t,’) ol ) ’ X,‘ (t) -
1, %;(t)=0 and the tracking error dynamic Eq.

Proof

(15) can be rewritten as

. ~ ~ X;
¢, = A,e, +B, K. [K, K,,,][ }29)
rv

i

Make use of the Kronecker product X) and

X;
w, — [ ]@ I,
r;

9F = vec(B,. K" [f{j, K., 1B

Where the operator vec (*) denotes the vector-
ization of the given matrix formed by stacking
With

the vectorization of matrix and Kronecker prod-

the columns of the matrix into a vector.

uct, there is
e, = A,.e, + ¥ (30)

The time derivative of 9° can be given by

15,3 = vec(B, |:f(,‘] f'(mD 3D

In view of the update laws (Eq. (19)) and
various steps of algebraic reformulation, the de-

rivative of 9? can be written as

ot < vee(B.[&1, K.]) =
— Ve(:(Bm,l-I(,xf1 [S?B};,,P,e,x;“ S;[‘B;In‘_,-P,e,vr',r] )=
- lIIer.;K}XLTIS;[‘B:;.;PI“?,‘

(32)
Combining Eq. (29) and Eq. (30), there is
ii == Aa.r *Z; (33)

Where

A, qlrl e;
An-i = [ }a Z;, = [~):|
—¥.B,..M_'B...P., 0 o7

And the Eq. (33) is a standard form in sys-
tem stability analysis and adaptive systems.

Exponential stability of system (Eq. (33))
can be ensured if the augmented system state z;
detailed
proof can be seen in the Ref. [227]. As the sys-

1221 - and  the

is persistent excitation
tem (A,.;>B.,.;) is controllable and the reference
signal r; is persistent excitation, then it can be
concluded that the state x,,.; of reference system
and the state x; of controlled system are persis-
tent excitation. Then, there is

[z, ()| << ae ™ o |z, (34)
When tE[t; +7(¢;)st:.1), the decrease of Lya-

punov function (Eq. (18)) can be written as

Bimax
e

a 6721171;17(1(4@(/1))'\ . Vj., (Z‘,)

Vit <

i.min
To form a descending sequence of Lyapunov

function, the time interval T, satisfies
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Bi.max 2

ai;

1
T, =t — (;, +c()) = TAIIH#G .

Which defines a time interval T, similar to
the dwell time for the i-th subsystem. The glob-
al stability and convergence of the tracking er-
rors and estimated control gains can be ensured
if the switching of the controlled system obeys
the time interval Ty >max{T;,Tos s Tpsee},
0k € Z. This means that ¢;,, — (¢t; +7(t;) )<<
T.si€ I, and a time constraint is set for switc-

hing signals.
4 Simulation validation

The following simulation illustrates the ef-
fectiveness of MRAC scheme with smooth indi-
cator functions for the system in comparison
with MRAC scheme with direct switching. In
this section, we consider a turbofan engine simi-
lar to the GE (General Electric) CF6 series,
which is modeled in Matlab/Simulink, and the
maximum fan speed N; = 3 390 r/min and core
speed N, =10300 r/min**?".

gine model is a component level iterative model,

The nonlinear en-

and all engine performance maps and component
parameters are acquired from gas turbine simula-
tion program (GSP). N, and N, are selected as
the state variables, and the fuel flow W, is regar-
ded as the control input. The thrust is con-
trolled indirectly by controlling N, according to
the turbofan engine control practice, and N, is
selected as desired output variable,

Piecewise linear models are acquired based
on the linearized model described in section 2,
and then MRAC controllers and adaptive upda-
ting laws are designed. The reference models
used for generating desired state trajectories are
chosen to be the system with poles placed at —3
and —5. We select some working points in the
flight envelope and linearize the system at these
working points. For simplicity of simulation ver-
ification, 4 steady operating points are selected,
and these steady operating points are selected to
describe the large-scale engine operation from
idle to full power for the condition H=0m and

Ma=0. The initial value of the adaptive varia-

bles K,.;,K,.;si=1,2,3,4 are set as K, ;(0) =5X
10 °, K, (0) =diag[3.2X10 *,3.2X10 '],
respectively. The designed parameters are se-
lected as ¢, =8,k, =18, I',,=diag[ 1 X10 °,1X
107%], I..,=1X107",

All controller parameters are suitably re-
tuned to get preferable dynamic performance,
and limit protection problem hasn’t been consid-
ered in the simulation. The dynamic response of
closed-loop subsystem with well retuned param-
eters can be seen in Fig. 2, and the correspond-
ing control input is illustrated in Fig. 3. In Fig. 4
and Fig. 5, the term IF is the acronym for indi-

cator function, and the gray lines denote the

2800 1 — MRAC with well retuned parameters
----- Reference signal

2600

N /(r/min)

)
=
o
S

2200 ; — ; : ,
0 5 10 15 20 25 30
Time/s

Fig. 2 Dynamic response of subsystem with well

retuned MRAC parameters

0 5 10 15 20 25 30
Time/s

Fig. 3 Fuel flow of the subsystem with well retuned

MRAC parameters

3500 2236 __
234
3000 F 2232
— F 2230 \
c i 1166 11.68 11707
g j 3110
E/ 2500 ZZ‘ 3105/WMW/
N 2000 - ;? 00 7 2176 2178
— With oridinary IF
1500 0 332 }?eference signz‘il )
0 10 20 30 40
Time/s
Fig.4 N, response of MRAC with conventional

indicator functions during the operation
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boundary of two neighboring sub-regions and
system state switches at the boundary.

In the following, simulations are performed
for two cases with the same reference signal as
shown in Fig. 4 and Fig. 5. As can be seen in
Fig. 4, the closed-loop system consisting of
MRAC with conventional indicator functions can
track the desired trajectories. However, the
chattering occurs when switching from one sub-
region to another and the system output chatte-
ring is shown in the partial enlarged view. The
history of indicator functions i t),i=1,2,3,4

are presented in Fig. 6.

3500 3150
3100 o

3000 ‘050 -~
c) 5 1]
E 895 8.97 89575 5[]
= 2500 2280 — 00l
= 1 [
= ! 3080 —L

2000 L 224015 1 2 B

,I — With proposed smooth IF
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Fig. 5 and Fig. 7 show the tracking perform-
ance of MRAC with proposed smooth switching
scheme. As can be seen, the turbofan engine ac-
celerates from idle to maximum speed in 4.2 s,
and the MRAC with smooth indicator functions
yield desired performance during the operation.
The system output during the switch process is
much smoother, and chattering is avoided. With
the proposed smooth switching scheme, the in-

stability may be caused by asynchronous switc-

hing can be avoided as the controller switching
isn't accomplished at certain instant of time.
The fuel flow of MRAC with two different kinds
of indicator functions are presented in Fig. 8. It
can be seen that the fuel flow of MRAC with
conventional indicator functions experience lar-

ger swings or chattering.
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5 Conclusion

This paper proposes a smooth switching
scheme based MRAC controller for aircraft en-
gine to avoid chattering of system output and
discontinuity of control input during the switc-
hing process. And the instability may be caused
by asynchronous switching is also eliminated.
Due to the dynamic characteristics of engine vary
greatly in the whole working process, only one
MRAC controller can’t achieve desired dynamic
performance and ensure global stability within
the operating envelope. To ensure the smooth
switching of multiple controllers during the op-

eration of engine, the parameters of the induced
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smooth indicator functions should satisfy certain

conditions. The simulation results exhibit the

good tracking performance and indicate the ef-
fectiveness of the proposed control scheme. In
order to ensure the global stability and the con-
vergence of parameter errors and tracking error,
Lyapunov functions are considered and dwell-
time constraint on the switching signal is give.
In the future study, other switching schemes
suitable for MRAC and more appropriate models
which can approximate the dynamic characteris-

tics of engine can be considered.

References:

[1] JAW L C,MATTINGLY ] D. Aircraft engine controls:de-
sign,system analysis,and health monitoring[ M]. Reston,
USA : American Institute of Aeronautics and Astronautics,
2009.

[ 2] WU Bin, HUANG Jinquan. Intermediate state control of
turbofan engine in full envelope based on switched polyto-
pic LPV approach[J]. Journal of Aerospace Power,2016,
31(8):2040-2048. (in Chinese)

[ 3] REBERGA L,HENRION D,BERNUSSON J.et al. LPV
modeling of a turbofan engine[ R]. Prague, Czech Repub-
lic:the 16th Triennial World Congress,2005.

[4] YANG S,WANG X,YANG B. Adaptive sliding mode con-
trol for limit protection of aircraft engines[J]. Chinese
Journal of Aeronautics,2018,31(7):1480-1488.

[5] LI Huacong, WANG Xin, HAN Xiaobo, et al. Study of
aeroengine linear parameter varying modeling[ ] ]. Journal of
Propulsion Technology ,2007,28(4) :418-421. (in Chinese)

[ 6] BRUZELIUS F, BREITHOLTZ C, PETTERSSON S.
LPV-based gain scheduling technique applied to a turbo
fan engine model[ C] // Proceedings of the 2002 IEEE In-
ternational Conference on Control Applications. Glasgow,
USA:IEEE,2002.713-718.

[7] GILL K F,SCHWARZENBACH J,HARLAND G E. De-
sign analysis of model reference adaptive control systems
applied to a gas-turbine aircraft engine[ J ]. Proceedings of
the IEEE,1968,115(3):135-151.

[ 8] MONOPOLI R V. Model reference adaptive control of gas
urbine engines[ ] . Journal of Dynamic Systems, Measure-
ment and Control,1981,103(3) :285-287.

[ 9] CHEN Jie, CHEN Wei, SUN Jian. A survey of multiple
model adaptive control[J]. Journal of System Science and
Mathematical Sciences,2014,34(12):1421-1437. (in Chinese)

[10] FAN Jun,HUANG Jinquan,SUN Jianguo,et al. Multivariable
model reference adaptive control for a turbofan engine[ J]. Chi-

nese Journal of Aeronautics,1996,9(4) :300-304.

[11]

[12]

[13]

[14]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

PAKMEHR M, YUCELEN T. Adaptive control of uncer-
tain systems with gain scheduled reference models and
Constrained Control Inputs[ C] // Proceedings of American
Control Conference. Portland, OR, USA:. IEEE, 2014.
1322-1327.

LIU X,YUAN Y,SHI J, et al. Adaptive modeling of air-
craft engine performance degradation model based on the
equilibrium manifold and expansion form[ J]. Journal of
Aerospace Engineering,2014,228(8):1246-1272.
NARENDRA K S,BALAKRISHNAN ]. Adaptive control
using multiple models[ ] ]. IEEE Transactions on Automat-
ic Control,1997,42(2).:171-187.

NARENDRA K S,DRIOLLET O A,FEILER M, et al. A-
daptive control using multiple models, switching and tun-
ing[J]. International Journal of Adaptive Control and Sig-
nal Processing,2003,17(2) :87-102.

HESPANHA J,LIBERZON D, STEPHEN MORSE A, et
al. Multiple model adaptive control: Part 2 switching[ J].
International Journal of Robust and Nonlinear Control,
2001,11(5) :479-496.

MORSE A S. Supervisory control of families of linear set-
point controllers:Part [ exact matching[J]. IEEE Trans-
actions on Automatic Control,1996.41(10):1413-1431.
XIE J,ZHAO ]. Model reference adaptive control for non-
linear switched systems under asynchronous switching[ J].
International Journal of Adaptive Control and Signal Pro-
cessing,2017,31(1) .3-22.

WU C,ZHAO J,SUN X M. Adaptive tracking control for
uncertain switched systems under asynchronous switching
[J]. International Journal of Robust and Nonlinear Con-
trol,2015,25(17) :3457-3477.

KUIPERS M.IOANNOU P. Multiple model adaptive con-
trol with mixing [ J ]. IEEE Transactions on Automatic
Control,2010,55(8) :1822-1836.

SANG Q, TAO G. Adaptive control of piecewise linear sys-
tems: the state tracking case[ ]J]. IEEE Transactions on
Automatic Control,2012,57(2) :522-528.

WU Caiyun. Model reference adaptive state tracking con-
trol for switched systems[ D]. Shenyang: Northeastern U-
niversity,2014. (in Chinese)

IOANNOU P A,SUN J. Robust adaptive control[ M]. Up-
per Saddle River,NJ,USA:Prentice-Hall,1996.

YANG S,WANG X. LPV based sliding mode control for
limit protection of aircraft engines[ C] // Proceedings of
ASME Turbo Expo: Turbomachinery Technical Confer-
ence and Exposition. Oslo, Norway: ASME,2018.1-9.
YANG S,WANG X. Sliding controller design for aero-en-
gines with the rate limitation of actuators[ C] // Proceed-
ings of ASME Turbo Expo: Turbomachinery Technical
Conference and Exposition. Charlotte, North Carolina,

USA:ASME,2017.:1-7.

(3. EZE2E)





