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ABSTRACT To address the multivariable control problem of turbofan engines with matched uncertainty and
slow actuator dynamics (SAD), a bi-objective optimal modification adaptive control scheme is proposed.
A singular perturbation approach is introduced to transform the plant and actuator dynamics into a reduced-
order system with slow time coordinate. Based on this reduced-order system, the bi-objective optimal
modification adaptive law (BOMAL) is deduced. Meanwhile, the stability of BOMAL is analyzed based
on Lyapunov approach. The simulation results demonstrate that the proposed adaptive control method can
effectively handle the control problem of turbofan engines with SAD. The superiority of the proposed
bi-objective optimal modification adaptive controller is benchmarked with an LMI optimization gain
scheduled controller and a & synthesis controller.

INDEX TERMS Turbofan engine, model reference adaptive control, bi-objective, optimal control

modification, uncertainty, slow actuator dynamics.

I. INTRODUCTION

Turbofan engines are one of the most important propulsion
systems in aviation industry. Because of the advantage of
lower fuel consumption and higher reliability comparing
with those of other jet engines, turbofan engines are widely
used for military and commercial aircrafts [1]. The control
system is required to regulate the engine to provide good
thrust control performance while keeping all the key engine
outputs within safety limits during lifetime of the engine [2].
Although the current control system of turbofan engines
employs full authority digital electronics system, its actua-
tor usually constructed by hydraulic mechanical structure.
The dynamic characteristics of the actuators are relatively
slow compared with the controlled object. Due to aging,
performance degradation of the components, and motion
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wear, the dynamic performance of the actuators may further
deteriorate. Slow actuator dynamics (SAD), especially when
the actuators suffer from performance degradation, have
negative influence on dynamic performance of the closed-
loop system. Therefore, considering SAD in the control
design is significant, it can also enhance robustness of the
designed controller.

However, in most studies, the actuator dynamics are not
considered or assumed as fast dynamics in the control
design. Pan et al. [3] studied robust decentralized control
for aircraft engines without considering actuator dynamics.
Du et al. [4] investigated the design of scheduled adaptive
model predictive control for turbofan engines, however, they
did not consider actuator dynamics. Chen et al. [5] considered
a fast actuator dynamics in their study on decoupling control
design for turboprop engines. Miao et al. [6] studied the
transient control problem of turbofan engines with fast
actuator dynamics by using Linear Matrix Inequality (LMI)
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optimization. Liu ef al. [7] assumed a fast actuator dynam-
ics in their study on multivariable adaptive control for
turbofan engine. Generally, due to the existence of SAD
and unmodeled uncertainties, it is challenging to consider
SAD and uncertainties in the adaptive controller design
to ensure robustness. Therefore, a critical issue about
finding a robust adaptive controller for turbofan engines
with SAD and uncertainties is yet to be solved, that is,
does there exist a model reference adaptive controller to
realize robust stability? However, there have been no relevant
theoretical results available, which motivates our study.
To consider SAD and uncertainties in the control design
of turbofan engines, we propose a new Model Reference
Adaptive Control (MRAC) scheme with bi-objective optimal
modification based on the Singularly Perturbed System
(SPS). The motivation for introducing Singular Perturbation
Approach (SPA) is to transform the plant and SAD into
a reduced-order system to obtain the Bi-objective Optimal
Modification Adaptive Law (BOMAL). The motivation
for choosing adaptive control is to take the advantage of
processing uncertainty and to utilize the flexibility of control
structure.

Recently, with the study and development of adaptive
control theory, adaptive control has been widely applied
in many important engineering areas, such as aircraft
engine [7]-[9], industrial [10]-[12], UAVs [13], altitude
ground test facilities [14], etc. In addition, many MRAC
approaches have been proposed to provide robustness for
system with uncertainty [14], [15]. To enhance the robustness
of the conventional MRAC, several robust modification
approaches such as adaptive loop recovery modification [16],
dead-zone modification [17], and Optimal Control Modi-
fication (OCM) [18] have been considered. The OCM is
formulated from the optimal control theory as an adaptive
optimal control method. Until now, the optimal control
theory has been successfully applied in many engineering
areas, such as [18]-[20] and so on. The optimal control
framework has been combined with adaptive or fuzzy control
to address robust problem, such as unknown dynamics [19],
time delay [20] and so on. The OCM technique is an
important application of optimal control in adaptive control,
which was first proposed by Nguyen and rigorously validated
through F/A-18A airplane flight tests [21]. During the last
few years, many extensions of the OCM method has been
developed. The OCM adaptive control is used to improve
tracking performance of systems with SAD [22]. Nguyen
used the OCM method to improve control effectiveness of
systems with both matched and control input uncertainty [23].
The OCM method is used to address robust control of flight
environment simulation system with disturbance and large
heat transfer uncertainty [14]. For system with unknown
control input matrix A, the OCM method cannot obtain the
adaptive law. To compensate the limitation of the OCM, the
bi-objective OCM method has been developed by adding one
extra cost function arisen from a predictor model to the OCM
method [24], [25].

VOLUME 10, 2022

The main contributions are listed as follows:(i) Inclusion
of SAD of a turbofan engine in the control design for
the first time.(ii) Application of the SPA to transform the
plant and actuator dynamics into a reduced-order system.
(iii) Providing a solution to address robust control of turbofan
engines with SAD. This paper is organized as follows. The
transformation of the plant and actuator dynamics into a
reduced-order system with slow time coordinate is presented
Section 2. Section 3 deduces the BOMAL. The simulation
study and some conclusions are presented in Section 4 and 5
respectively.

Il. REDUCED-ORDER SYSTEM WITH SLOW TIME
Consider a linear plant with matched uncertainty

i =Ax+B<u+Q*Tx) (1

where x (f) € R”" is a state vector, u () € R™ is a control

input vector, A € R™" is a known and constant Hurwitz

matrix, B € R is a known constant matrix, the pair (A, B)

is controllable, and 2* € R"*™ is a unknown constant matrix.
The controller u (¢) with SAD is specified as

iw=¢eM (u—v) 2)

where v (t) € R™ is the input of actuators, ¢ is a positive
constant, and M € R is a known and constant Hurwitz
matrix.

The objective is to design a controller u (¢) that enables the
plant to follow a reference model specified as

Xm = AmXm + Byr 3)

where x,, () € R" is a reference state vector, r () € RY is
a bounded reference command vector, A,, € R"*" is known
and Hurwitz, and B,, € R"*%is a known matrix associated
with a piecewise continuous.

If the actuators dynamics are sufficiently fast relative to the
dynamics of the reference model, namely, ¢ |M|| > [|Anll,
then the influence of actuator dynamics is negligible and
the adaptive law can be designed by using the conventional
adaptive method. However, in our case, the actuator dynamics
is slow with ¢ <« 1 and ¢ ||M| < ||Amll, which means
u(t) has ‘slow’ dynamics and x (¢) has ‘fast’ dynamics.
To decouple the slow state u (¢) and fast state x (7), a timescale
separation is performed through applying the SPA. Therefore,
a slow time transformation is considered as

T =c¢t 4

where 7 is a slow time variable.

Remark 1: It is noted that the conventional method to
address actuator dynamics by augmenting with the plant is
not suitable for adaptive control. After augmenting, the state
of the augmented system increased which will mismatch
with the reference model. Therefore, we introduce the
singular perturbation approach to transform the plant and
actuator dynamics into a reduced-order system with slow time
coordinate to address the problem.
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Thus, we transform the plant (1) and actuator (2) into a SPS
as

d.
8—x = Ax +B<u+ Q*Tx>
o M (u—v)
dt

By setting ¢ = 0, the solution of the SPS can be
approximated with the solution of a ‘reduced-order’ system
by using the Tikhonov’s theorem [26]. Thus, x(u, €) is
on a fast manifold. The fast dynamics results in x(u, €)
tending to its asymptotic solution as ¢ — 0. Therefore, the
reduced-order system is obtained as

d
o _ Ax, + B (uo + Q*Txo) =0
a4 6)
(0
=M (u, —v)
dt

where x, (t) and u, (t) are the ’outer’ solution of the SPS.

The *outer’ and ’inner’ or ’boundary layer’ solutions origin
from the boundary layer theory [27]. The ‘inner’ or ‘boundary
layer’ solution for this system can be obtained from

Xin = Axin + B (uin + Q*Txin>
iin = eM (i —v) =0

(N

The solution of x (¢) is then expressed as
x (1) = xo (1) + Xin (1) — XmaE (1) ®

where x4 (1) is a correction term.

Remark 2: The ’outer’ solution is actually the asymptotic
solution of the original system as t — oo.

From the reduced-order system (6), we obtain the solution
of x, (1) as

X, (1) = —(A + BQ*T)_IBuO (1) )

Differentiating the above equation with respect to T and
then substituting the actuator model in (6) into the result yield

dx, w7\ !
; :—<A+BQ ) BM (1, — v) (10)
T
From (6), we have
u, = —B 'Ax, — @*Tx, (11)

where B~ = (BTB)_IBT is the right pseudo-inverse of B.
Therefore, the reduced-order system constrained by SAD
is obtained as

dx,
dt

Lemma 1 [28]: For matrices X, Y, and Z with appropriate
dimension, the following equation satisfies

—1 ~
= (A + BQ*T> BM (B*‘Axo + Ty, + v) (12)

—1
X+vZ)" =x! —X_1Y<I +ZX—1Y) zx~' (13)
Using Lemma 1, we obtain
—1 —1
(A 4 BQ*T) —A = A’lB(I + Q*TA”B) Q*Ta~!
(14)
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—1

Letting w*7 = A~'B(1+ Q*TA*‘B) Q*TA! and

substituting it into (12), we obtain
d . )
% = A" BMB ' Ax, + [ - w*BMB~'A
T
+ (a7 = wT) B T, + (A7 — W) Buy
(15)

In our study, we just need to consider asymptotic solution
of (5). Thus, the ’inner’ solution can be neglected such that
x (t) = X, (t). Then, the reduced-order system (15) can be
expressed as

dx T
T = Apx + BpA (v+QP x) (16)

where Ap = A"'BMB™'A, Bp = A"'BM, and BpAQL" =
(A~ =) BT — W TBMBA.

Considering the influence of SAD, the time scale of the
plant response cannot surpass that of the actuator. To avoid
model mismatch, we revise the reference model in slow time
to match the slow actuator constrained system as

dx,;, 1
— = — (Amxm + Bpr) (17
dt e
1ll. BI-OBJECTIVE OPTIMAL MODIFICATION ADAPTIVE
LAW
Firstly, a fixed gain controller is devised to stabilize the
system (1) when without uncertainty and SAD

n=Kx+K,r (18)

where, K and K- are obtained from the following ideal model
matching condition

Am = A + BK,

19
B, = BK, ( )

Then, we choose the adaptive control structure for the input
signal of actuator as

V=i — gy = i+ AK, (1) x+AK, (1) r—Qb (1) x  (20)

Assumption 1: [14] There exist two ideal control gain
matrices AKY and AK* that satisfy the model matching
conditions as

1 *

—An = Ap + BpA (K, + AKY)
f (21)
B = BpA (K- + AKY)

Remark 3: The existence condition of the two ideal control
gain matrices AK; and AK} is that Q* is full row rank.
Because A,,, B, Ap, Bp, K, and K, are known matrices,
if the right pseudo-inverse of BpA is exist, according to the
Eq. (21), we obtain

* —R 1
AKY = (BpA) ™ An —Ap | - K,
* 1 —R
AK* = - BpA) R B, — K,
&
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where, (BpA)™® = [BpA)T (BPA)]*1 (BpA)T is the right
pseudo-inverse of Bp A. Therefore, the existence condition of
the two ideal control gain matrices AK* and AK} is that is
BpA full row rank. According to (15) and (16), we have

BpA = (A‘l - \II*T> BM
~1
vl — A’IB(I n Q*TA*IB) Q*Ta~!

Since A is full rank, B is full row rank, and M is full rank,
if Q* is full row rank, BpA is full row rank.

We define AK, (t) = AK,(t) — AKY, AK, (1) =
AK, (t) — AK}, and Q% (1) = QL (1) — Q3T as estimation
errors. By substituting (20) into (16), the closed-loop system
in slow time is obtained as

dx 1 1 ~
— = —A,x + —B,,r + BPA(AK, () x
dt ¢ &

+AK (0)r - QL ()x) (22

Thus, we obtain the tracking error equation in slow time as

de dx, dx lA B A(Af( )
—_—=— = — = — — T
drt drt drt e me P * o

+AK (D) r—Qp(n)x)  (23)

If A is a diagonal matrix with known sign, the adaptive
controller in real time can be obtained by using the modified
optimal adaptive method in [28] as

0= —ele® (x, 1) [eTPsgnA
—ey®” (x, r)OBLPA' B (24)

where ©7 (1) = [ QL (t) — AK, (1) —AK, (1) ] € R™"H4
and ®(x, r) = [« rT]T € R,y > 0 € Ris
the modification parameter, ['g = Fc{) € R4 jg g
positive-definite adaption rate matrix for ®7 (¢), and P =
PT > 0 e R™",

However, in our case, A is unknown. To estimate A,
we introduce the following predictor model in slow time as

dx 1 1 A T

A+ (Ap — A, ) x + BpA <v+ ol (r)x)

e

drt £
(25)

We define A (t) = A (t) — A and substitute into (23), the
tracking error becomes

de 1 L .
d_e = ~Apme — BpA(AK, (1) x + AK, (1) r
T &

~ QL (t)x) +Bpa  (26)

where o (7) = A(AK, (t) x + AK, (t) r — Qb () x) is the
residual estimation error of the system with sup ||o (7)| <
00.

The predictor error in slow time is defined as ep (t) =
X () — x (), then
d 1 -
2P _ " Anep + BrA (v +Qf (r)x)
dt &

+BpAQL (t)x +Bpop  (27)
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where op (7) = —]\Q}T, (7) x is the residual estimation error
of the predictor model with sup ||op (7)] < opp.

To obtain the adaptive law with unknown A and ensure
robustness of the adaptive controller, we introduce a
BOMAL. The BOMAL is derived from the following two
infinite-time horizon cost functions

1 I
Ji = lim -/ (e—ANTQ(e—A))dr
7—00 2 Jo
1Y
J = lim -/ (ep — A)TW (ep — An)dT
0

=00 2

(28)

where, A (t) and A, (t) denote unknown lower bound of
e () and ep (1) respectively, and Q = Q7 > 0 € R and
W=wT>0eRM"

To minimize e (r) and ep (r) bounded away from the
origin, the cost functions J; and J, are considered into the
following bi-objective cost function

J=h+) 29)

Remark 4: The bi-objective cost function J combines both
the objectives of minimization of the tracking error and the
predictor error bounded away from the origin. Geometrically,
it represents the sum of the weighted norm squares measured
from the trajectories of e and ep to the normal surface of a
hyper-sphere as follows

Ba = {e, epeR (e~ ADT Qe —Ay)
+ (ep — M) W (ep — Ar) < Az}

Then, the Hamiltonian Function is defined by using the
optimal control framework [28] as

H (e, ep. ARy, AK,, Sp, ]\)
1 T 1 T
= 5(6 — A Qle— A+ E(eP —A2)" W(ep— A2)
1 Nl s By
+ 0T [~Ame—BpA (AKX () x+AK, (1) r— S8 (r)x)
&
T 1 A T
+Bpo]+ i [ZAnep + BpA (v +Qf (r)x)
+BpAQb (v) x + Bpop] (30)
where 1 (t) € R"” and u (7) € R" are adjoint vectors.

From the necessary condition of optimality, we obtain the
adjoint equations as

dn 1

—=-VH] =—Q(e— A1) —-Aln

- e
= —VH] =—W (ep — Ap) — ;A;M

with the transversality condition n (t7) = 0 and p (77) =
0 since both ¢(0) and ep(0) are known.
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Taking AK, (1), AK, (7), Qp (1), and A (7) as control
variables, the necessary conditions are obtained as

VHAi(X = —anBp[A\
VH,z =—rn' BpA

T _ T T A
VHI —x(n tu )BPA

VHj; = (v + QITJ (7) x) w!'Bp

(32)

The BOMAL is expressed by the gradient update laws as

dAKT  dAKT -

P = d-l; = _FXVHAkx = FX)CT] BPA
dAKT  dAKT T

e :~ 1 = _FVVHAfQ =TI,rn’ BpA
dSZP dSZP T T T "
o= ap =TV, =Topx (i u”) BrA
dAT AN L oh—r (v+2F @) u"B
- = = v=— v T)X

Jr dz A A A P n bp

(33)

where T, = ' > 0 € R, T, =Tl > 0 € R,
I, = Fstp >0eR™ and ') = F[T\ > 0 € R™™ are the
adaptation rate matrices.

To eliminate 5 (r) and u(r), the following adjoint
solutions are assumed by using the sweeping method as

n = Pe+ SAv
(34)

u = Uep + VA (v + ZQiT, (7) x)

where P =P > 0,U =UT >0eR”and S,V € RV,
Substituting (34) into (31) yields

1 N .
P{-Apne — BpAv+ BpA[ (Kx + AK}) x + (K, + AK)r
&

d (f\v)
—Q;Tx] +BPO’} +ST

= —Q(e—A))— éA; (Pe + S[\v) (35)
1 )
U[-Aner + BrA (V +20% (1) x) — BpA( + 25 (1) x)

d [[\ (v+207 (r)x)]

dt
— W (ep— Ar) — éA,’Q [Uep +VA (v +207 (r)x)]
(36)

— BpAQTx + Bpop| + V

Separating (35) that contains e(7), Av, and the other terms
results in

1 1
P-An+-AlP+0=0
& &

1 T
~Al'S —PBp=0
&

PBpA [ (Ka+ AK) x4 (K, +AK ) r =23 x] 7
d (f\v)
+PBpo +§ — QA =0
dt
33958

with the transversality conditions P (1 — c0) = 0 and
S (rf — oo) =0.

Separating (36) that contains ep(7), A (v+ 29; (r)x),
and the other terms results in

1 I 7
UgAm+gAmU+W =0

1 T
~Al'V + UBp =0
&

U [—BPA <v+sz£ (r)x) —BPAQ;;THBPUP] (38)
d[A (v+29F (0)x)]
+V —WA;=0
dt
with the transversality conditions U (rf — oo) = 0 and

V(7 = o0) = 0.
Therefore, the solutions of P, S, U, and V can be calculated
from the following matrix equations

1 (.
P=A,+ -AlP=—Q
& £

S=¢cATPB

[ om (39)
U-Ap+-AlU = —w

£ £

V =—¢A,"UBp

To enable the BOMAL has sufficient flexible to com-
promise between performance and robustness for a control
design, we introduce two real modification parameters y >
0 and k > 0 to permit adjustment of the BOMAL. Then, the
solutions of S and V are modified as

S = yeA,," PBp

40
V = —«eA,," UBp “0)

Remark 5: The tracking performance can be traded with
robustness by proper selection of y and «. Increasing
robustness of the adaptive laws to uncertainties by increasing
y and/or « will decrease the tracking performance, and vice
versa.

Then, the adjoint vectors n (7) and u (7) are now expressed

as
n = Pe+ yeA_TPBp]\v
{ " (41)

1 = Uep — keA T UBpA (v +2078 (r)x)

Substituting (41) into (33) yields the BOMAL in slow time
as

dAKT « .
R o (eTP + ysvTATB,T,PA,;l) BpA
T
dAK! « .
—= =Tor (" P+yev ATBLPAL) BpA
T
PLs A
= — _rox[e"P+yev ATBLPA,! + hU
dt . (42)
—e(v+295 (1) x) ATBUA,'BRA
dAT
=T\ (v—i— QIT, (r)x) [eITJU
dt
T .
- K&‘(V +208 (1) x) ATBLUA; |Bp
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Reference | x,,(7)

model

u(f) [ Uncertain |x() iy
A{Actuator }—A{ plant }7—' 0

—

AK(f) | l
AK.(?) | Bi-objective optimal er(D) Ly X(0) PredW‘i
Qp(f) |modification adaptive model

A(,) law

|

FIGURE 1. Schematic diagram of the bi-objective optimal modification
adaptive control system.

)|

Fixed u(t)
controller
O
Adaptive
] ocoP

controller

Applying the relationship between the slow time 7 and the
real time ¢ in (4), we obtain the BOMAL in real time as

AKT = eTyx (eTP n ysvT[\TB,EPA;) BpA
AKT = eT,r (eTP + yevT[\TBIEPA,;l) BpA
Qp = —eTqux[e" P+ yevT ATBLPA, + ehU
_ Kg(v + 2Q£x)TATB,§ UA;'1BpA

j\T = —€ela (v + ng) [e,TJU

(43)

T .
—we(v+29px) ATBRUAL|Bp

Fig. 1 depicts schematic diagram of the bi-objective
optimal modification adaptive control system. In Fig. 1,
we can see that this adaptive system includes seven subsys-
tems, which are uncertain plant, actuator, reference model,
predictor model, fixed controller, adaptive controller, and
BOMAL. The BOMAL combines with the fixed and adaptive
controller together ensure robustness of the system with
matched uncertainty and SAD. Now, we need to prove that the
proposed BOMAL is stable and results in uniformly bounded
tracking error.

Lemma 2 [14]: For any vectors ¢, ¢ € R", the following
trace property satisfies

trace (qb(pT) = g0T¢ (44)

Lemma 3 [14]: For any square real matrix I1 € R™*" itcan
be decomposed into a symmetric part N and anti-symmetric
part O as

M=N+0 (45)

where N =NT =1 (m+1n7),0=-0" =1 (nn-17).
For any arbitrary vector o € R”, then

o' Mo =o' Na (46)

Theorem 1: For the linear plant in (1) and subject to
SAD, the BOMAL in (43) is stable and results in uniformly
bounded tracking error and predictor error.

The proof can be found in Appendix A.
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IV. TURBOFAN ENGINE APPLICATION

The proposed BOMAL is applied to a turbofan engine
with SAD. The nonlinear model of this turbofan engine is
a component-based model established by using MATLAB
and the Simulink toolbox for the modeling and analysis
of thermodynamic system [29]. All the modeling data is
provided by gas turbine simulation program [30]. This
nonlinear model, which has been used in other studies
[30]-[34], is the foundation of the following control design
and simulation analysis.

A. BI-OBJECTIVE OPTIMAL MODIFICATION ADAPTIVE
CONTROL DESIGN

Under the standard day sea level condition (SLC), we take
the full thrust state (FTS) (Ny = 10065 r/min, N, =
12832 r/min) as an example to design the bi-objective
optimal modification adaptive controller (BOMAC). For
the convenience of controller design, all the variables are
normalized: x1(t) = Ny(t)/Nyz denotes the normalized fan
speed, and Ny = 10065 r/min denotes the design value;
x2(t) = Nq()/Ncg denotes the normalized core speed,
and N,y = 12832 r/min denotes the design value; ui(t) =
Wy (t)/ Wy denotes the normalized fuel flow rate, and Wy,
= 1.144 kg/s denotes the design value; ux(t) = Ag(t)/Asq
denotes the normalized throat area of nozzle, and Ag; =
0.298058 m? denotes the design value. Then the linearized
model is

8x; | | —6.5499 5.5686 8x1
8%y |~ | 0.1298 —3.7204 || 8x
0.4829 1.9816 Suy @7
0.6643 —0.01428 | | dun
where §x = x — x., Su = u — u,; x, and u, are normalized
equilibrium values at the design point.
Because of the influence of degradation, the controller is
subject to SAD

Sin | —20 0
[M}_o.l[ 0 _20](814—81/) (48)

Then, according to the performance requirements of the
turbofan engine, the closed-loop dynamics of the turbofan
engine is required to have the characteristics of first order
function with time constant equal to 0.1s. Thus, we obtain
the reference model as

8Xm1 | _| =10 0O 8xm1 10 0 8ry
|:85cm2i|_|: 0 —10][5xmz]+[0 10“&2} “49)
Based on (16), we obtain the reduced-order system
matrices as

o ~20.0000
P=1 11102 x 10716

|:4.6485 6.1684i|
P =

7.1054 x 10715
—20.0000

3.7333 0.1384
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FIGURE 2. Turbofan engine simulation platform.

According to the ideal model matching conditions in (19),
we obtain

K. — —0.232 -9.464 _ 1 0.108 14.975
7| —1.685 —0.504 |° 7" T | 5.020 —3.649

Let Q = 10 and W = 18501, then the solution of (39)

yields
0.05 0 9.25 0
PZ[ 0 0.05] Uz[ 0 9.25}

Then, we properly choose the adaption rate matrices Iy,
I'y, T'qp, and I' s, and the modification parameters y and k as

Fx:|:100 0 i| Fr:|:100 0 ]’ Y = 0.005

0 100 0 100
1000 0 45 0
FQP—|: 0 50i|,FA—|:O673i|,K—0.005

Applying the BOMAL in (43), the weight update laws are
given by
AI'(XT = el ox ((SeTP + ysévTZA\TBIT;PA;) BpA
AKT = eT',5r (aeTP + yeavT[\TB;PA,;‘) BpA
Qp = —eTq,8x[8e” P+yesvT ATBLPA, +8epU

T. N 50

—Ks(b‘v + 29,25x) ATBLUA; BpA 0
AT = —eTy (av + Q,Zax) [sehU

T .
—we(ov+29p0x) ATBLUAL 1B

B. SIMULATION RESULTS

A series of simulations are conducted as illustrated in Fig. 2
to verify the effectiveness and superiority of the designed
BOMALC. Firstly, a typical turbofan engine control mission is
used to verify the robust performance of the BOMAC. Then,
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FIGURE 3. (a) Simulation result of fan speed N¢ at SLC; (b) Fan speed
difference ANy between the response and the command of Ny.

the robust performance of the BOMAC is verified by the
same engine control mission at flight conditions Ma = 0.5,
H = 5Skmand Ma = 1.0, H = 10 km. Finally, the superiority
of the BOMAC is benchmarked with an LMI optimization
gain scheduled controller (LMI-OGSC) [6] and a p synthesis
controller [34].

1) ROBUST PERFORMANCE VERIFICATION AT SLC

Based on the simulation platform in Fig. 2, the robust
performance of the designed BOMAC at SLC is verified
through simulation analysis.
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FIGURE 4. (a) Simulation result of core speed N¢ at SLC; (b) Core speed
difference AN¢ between the response and the command of Nc.

Fig. 3 gives the simulation result of fan speed, including:
(a) the fan speed Ny and (b) the fan speed difference ANy
between the response and the command of Ny. In Fig. 3 (a),
the black line represents the command of Ny, the dashed line
represents the response of Ny controlled by the BOMAC, the
dotted line represents the response of Ny of the reference
model, and the dash-dot line represents the response of Ny
of the actuator reference (According to (48), we use SAD
as a reference model to generate a baseline response of
the command signal when the closed-loop dynamics of the
turbofan engine is with SAD). In Fig. 3 (b), the dashed
line represents the ANy of the BOMAC, the dotted line
represents the ANy of the reference model, and the dash-dot
line represents the ANy of the actuator reference. The plot
color coding will also apply to the later result figures. As seen
in Fig. 3 (a), the response of Ny under the control of the
BOMAC can track the command even though with SAD and
is better than the response of Ny of the actuator reference,
which means the BOMAC has compensated the negative
influence of SAD. As shown in Fig. 3, the steady-state error is
less than 0.01%, the maximum dynamic error is less than 2%
at around 8s, and the maximum overshoot is less than 0.32%
ataround 10.5s, which means the designed BOMAC has good
robust performance on Ny control at SLC.

As we can see from Fig. 4 (a), the response of N, under
the control of the BOMAC can also track the command signal
with SAD and is better than the response of N, of the actuator
reference. As can be seen from Fig. 4, the steady-state error is
less than 0.01%, the maximum dynamic error is less than 1%
at around 8s, and the maximum overshoot is less than 0.15%
at around 25.5s.

Fig. 5 shows the regulating process of the fuel flow
rate at SLC. From Fig. 5, the designed BOMAC regulates
the fuel flow rate command changing faster to compensate

VOLUME 10, 2022
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FIGURE 5. Regulating process of fuel flow rate Wy at SLC.
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FIGURE 6. Regulating process of throat area Ag at SLC.

the negative influence of SAD to achieve good control
performance of the engine. Fig. 6 illustrates histories of
the throat area at SLC. As can be seen from Fig. 6, the
throat area command is changed fast in transient process to
compensate the negative influence of SAD to ensure good
control performance of the engine.

Fig. 7 shows the histories of |el|l», llepll, |AK |,
I|AK 2, [1R2P]l2, and HA H during the engine regulation at
SLC. As can be seen from %ig. 7, e, ep, AK,, AK,, Qp, and
A all are bounded, which verifies the validity of Theorem 1 in
simulation.

2) ROBUST PERFORMANCE VERIFICATION AT
HIGH-ALTITUDE FLIGHT CONDITIONS

At high-altitude flight conditions Ma = 0.5, H = 5 km and
Ma = 1.0, H = 10 km, we use the same simulation platform,
controller parameters, and engine process (FTS — idle —
FTS) as in SLC verification to conduct simulation to further
verify the robustness of the designed BOMAC respectively.

The simulation results of fan speed at Ma = 0.5, H =
5 km and Ma = 1.0, H = 10 km are shown in Fig. 8 and
Fig. 9 respectively. As can be seen from Fig. 8 and Fig. 9, the
steady-state error is less than 0.01%, the maximum dynamic
error is less than 3% at around 5.5s, and the maximum
overshoot is no larger than 0.4% at around 10.5s, which
means the designed BOMAC has good robust performance
on Ny control at both Ma = 0.5, H = 5 km and Ma = 1.0,
H =10 km.

Fig. 10 and Fig. 11 give the simulation results of core speed
atat Ma = 0.5, H = Skmand Ma = 1.0, H = 10 km
respectively. As we can see from Fig. 10 and Fig. 11, the
steady-state error is less than 0.01%, the maximum dynamic
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FIGURE 8. (a) Simulation result of fan speed Nf at Ma = 0.5, H = 5 km;
(b) ANg¢.

error is no larger than 1.5% at around 8s, and the maximum
overshoot is less than 0.15% at around 10.5s.

Fig. 12 and Fig. 13 illustrate the regulating process of the
fuel flow rate at Ma = 0.5, H = Skmand Ma = 1.0, H =
10 km respectively. From Fig. 12 and Fig. 13, the designed
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FIGURE 9. (a) Simulation result of fan speed Ny at Ma = 1.0, H = 10 km;
(b) ANgf.

BOMAC controls the fuel flow rate command changing faster
to compensate the negative influence of SAD to achieve good
control performance of the engine. Fig. 14 and Fig. 15 show
the regulating process of the throat area at Ma = 0.5, H =
5 km and Ma 1.0, H 10 km respectively. As we
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FIGURE 12. Regulating process of Wy at Ma = 0.5, H = 5 km.

can see from Fig. 14 and Fig. 15, the throat area command
is changed fast in transient process to compensate the
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influence of SAD to ensure good control performance of the
engine.

Fig. 16 and Fig. 17 illustrate the histories of ||e||,, |lepll2,
IAK Doy [1AK: [0 201l and HA during the engine
regulation at Ma = 0.5, H = 5 km and Ma = 1.0, H =
10 km respectively. As can be seen from Fig. 16 and Fig. 17,
e, ep, AK,, AK,, Qp, and A all are bounded, which further
verifies the validity of Theorem 1 in simulation.

3) COMPARISON VERIFICATION

The simulation results of the BOMAC are compared with
the simulation results of an LMI-OGSC [5] and a u
synthesis controller [33], [34] to verify the superiority of the
BOMAC.

Fig. 18 illustrates the comparison result of fan speed,
including: (a) the fan speed Ny and (b) the fan speed
difference ANy. As can be seen From Fig. 18, the biggest
dynamic errors of the LMI-OGSC and the p synthesis
controller are almost two times of that of the BOMAC; the
LMI-OGSC has big overshoot at around 10s and 27s and its
settling time is about 4s; although the u synthesis controller
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has small overshoot, it has a longer settling time compared control. From Table 1, for these three control performance
with the BOMAC. Table 1 is the comparison table of the indices, the BOMAC has smaller values than the other two
control performance indices of the three controllers on Ny controllers do, which means the designed BOMAC clearly
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TABLE 1. Comparison table of the control performance indices of the
three controllers on Ny.

Controller MAE RMSE ITAE
BOMAC 29.96 58.98 898.95
LMI-OGSC 113.51 172.58 3406.31
w synthesis controller 114.82 189.43 3445.84
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FIGURE 19. (a) Comparison result of core speed N¢; (b) ANc.

provides better performance on Ny control than the other two
controllers do.

Fig. 19 depicts the comparison result of core speed, includ-
ing: (a) the core speed N, and (b) the rotation speed difference
AN,. As can be seen from Fig. 19, the designed BOMAC also
clearly provides better performance on N, control than the

VOLUME 10, 2022

TABLE 2. Comparison table of the control performance indices of the
three controllers on N¢.

Controller MAE RMSE ITAE
BOMAC 25.44 44.44 763.36
LMI-OGSC 80.59 126.66 2418.37
1 synthesis controller 118.84 187.64 3566.36

other two controllers do. The comparison table of the control
performance indices of the three controllers on N, control is
shown in Table 2. According to the above analysis, at both
SLC and high-altitude condition, the designed BOMAC can
achieve good robust performance of the turbofan engine with
SAD, and provides better performance than the LMI-OGSC
and the u synthesis controller do.

V. CONCLUSION

A bi-objective optimal modification adaptive control method
is proposed for turbofan engines with SAD and matched
uncertainty. In the proposed method, a singular perturbation
approach is introduced to transform the plant and actuator
dynamics into a reduced-order system with slow time coordi-
nate, and the bi-objective optimal modification adaptive law
is deduced based on the reduced-order system.

The proposed adaptive control method is applied to
a turbofan engine with SAD. At both SLC and high-
altitude condition, the efficiency of the designed BOMAC
is demonstrated by a regulation mission of controlling the
engine from FTS to idle and back to FTS. The simulation
results show that the BOMAC achieved a good robust
performance on both fan and core speed control at both
SLC and high-altitude condition with SAD. For fan speed
control, the steady-state error, the dynamic error, and the
maximum overshoot at both SLC and high-altitude condition
are less than 0.01%, 2%, and 0.4%, respectively. For core
speed control, the steady-state error, the dynamic error,
and the maximum overshoot at both SLC and high-altitude
condition are less than 0.01%, 1%, and 0.15%, respectively.
Additionally, through comparing with the LMI-OGSC and p
synthesis controller, the designed BOMAC clearly provides
better performance than the other two controllers do.

In future work, the proposed method will be applied for
robust control of turbofan engines over the whole working
envelope. In addition, the proposed BOMAC will be verified
in semi-physical and full physical simulation.

APPENDIX A
PROOF OF THEOREM 1
Proof: Choose a Lyapunov candidate function

V(e e ARw AR, Qp, A)
=elPe+ e}T) Uep + trace (Af(xl"x_] Af(g)
+ trace (Ai(rl";] Akf) + trace (Q;FEZ; Qp)
+ trace (AF;IAT) (51)
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Differentiating V (e, ep, Af(x, Af(r, Qp, [\) in slow According to the Lemma 3, we have
time yields 257 ATBLPA ' BpAT = —eiT ATBLA-T QA BpAT
av <e, er, AR, A, Qp, R) 20T ZBLUA ' BpET0 = —e0” EBLA,T WA, BpET0
dt Let

T T AT 7 T T
=—e¢" Qe—2e¢" PBpA(AKx+AK,r—Qpx)+2e’ PBpo 6= [Ai(x _ QITJ Af(r]

— el Wep + 2¢LUBpA(v 4+ Q2D0x) + 2L UBpAQDx (56)
T & (T TATRT paA—1\p.A ®*=[KX+AK;—Q;3T Kr"'AKr*]
+2eLUBpop-+2trace[AR cx (e P+yev ATBLPA- )BPA]
- N o Then, (55) is bounded b
+ 2trace[ AK,r(e" P+ yevl ATBLPA,,)BpA] (53 y
+ 2trace| — Qhx[e" P+ yevT ATBLPA,! + LU av (6, ep, ©, 5)
T
" - A dt
—KE(V + ZQTx> ATBLUA-"BpA
’ pUA [BrA) < —min () llell” + 2 llell 1PBpll 00 = Amin (W) llep |
+2trace{ - A (v + Qpx) [epU +2lesll 1UBpll 070
T\ AT pT 1 2 BLYA-T QA= Bp)|| @ 2[\2@2
—we(v+29px) ATBRUAL'|Be) (52) = 7€ hmin(BpA,," QA BP)|® (x, 1)
A2 =
According to the Lemma 2, we have +2yell® (x, 1) HB}:PAZIBPH HAH H@” O
dv (e, ep, AK,, AK,, Qp, [\) — kX hmin(BE AT WA Bp) 02| &
dt 2 [T y4—15 Al =
+ el HB UA BPH z || = (57)
= —eTQe + ZeTPBpa — elT,Wep + 2e£ UBpop p=m
+2yevl ATBLPA,'BpPAAK x where (;)0 = sup ||©*||, Eo = sup ||E*||, and 1 denotes the
+2yevT ATBLPA ' BpAAK, e
—2yevl ATBLPA-'BpAQ X
P e - 21 = hmin (Q)
+ 2K8(V + 29;)6) ATBgUAYZIBpAQITDx 7 = ||PBp|| 00/21
T . - = Ami
+2xa(v+2sz£x) ATBLUA;'BpA (v+sz£x) (53) 23 = Amin (W)
24 = |UBp| opo/z3
~ 12
e 25 = hnin (BBALT 04, Br) 19 (. I | A (58)
~ gt gt _ ~T _ _ -
V= AR 4 Aer = Spx 2 = |BEPAL By | @0 /1 (BEA,T 04, Br)
Vi=u+ AK x4+ AK}r — Qp' x g 5
} 27 = hnin (BRALT WAL, 'Bp ) 6]
=1, + Qlx 8= HB,?UA,;IBP Eo / Amin (BIEA,;TWA,;IBP)
- |: Q pf\T 0 Through substituting (58) into (57), we obtain
&= AT (54) L
0 A av (e, ep. 6, )
2 = |:Q; 0 j| dt
T
) 0 A < —a(llel — 22)* + 2133 — z3(llep | — 24)” + 2323
mEeTe —yzs(e H@H - Z6)2+7/Z5Z%—KZ7(8 c —zg)2+/<z7z§
Bp = [Bp Bp] (59)
Then, (53) becomes Through applying the relationship between the slow time t
o and the real time ¢ in (4), we obtain the derivative of Lyapunov
av (e , ep, ©, E) candidate function in real time as
- dt . . . 1% (e, ep, ©, é)
=—e Qe+ 2e’ PBpo —epWep +2epUBpop 5 5 5 5
+2yeil ATBLPA- BpAv+2y v TATBLPA- BpAT < —ez1(|lell —sz) + ez12; — ez3(llepll — 24)~ + 62324
+2ce0T EBLUA,,'BpET 6 —yezs(e HG)H — 26)* + yezszg — kezy(e | 8| — z)?
+ 2107 8*BLUA, ' BpET 0 (55) + Ke2773 (60)
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To show that e(t), ep(t), €) (1), and e (t) are bounded,

we require V (e, ep, ©, E

) < 0. Thus, it follows that

2 2 2
lell > 2 + z% n 237y + V252 T K273 _

21

2125 + Y3558 + k2733

lepll > za + /23 +

2 Z23 2 e
~ 2125 + 2324 + k272
®‘ > 26+ /26 + 2 4 8 =
vzs
= 2 z1z§ + Z32421 + VZSZ%
& > 28 +4/25 + =
KZ7

Therefore, there exists a compact set Y where

T={(e. er. 6. &): llel ¢, lerll <B.

=
=

(:)Hsé,

=)
(62)

that contains the origin <e, ep, @, é)

Then V (e, ep, (:), @) < 0 when (e, ep, @, é) is

outside of Y. Thus, any trajectory (e, ep, (:3, @) starts from
inside of Y will remain in Y for all the future time [35].
Therefore, YT is an invariant set [36]. Also, any trajectory

<e, ep, O, E)

starts from outside of Y will approach the

largest invariant set Y as 1 — 00 [35]. According to the
LaSalle’s Invariance Principle that e(?), ep(¢), ® (¢), and E (¢)
are uniformly bounded. Therefore, the BOMAL in (43) is
stable.
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