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ABSTRACT This article considers an adaptive control problem of genetic regulatory networks, where
unknown sensor faults are considered. By using the function approximation capability of neural networks,
a neural-networks-based gene circuit control method is designed, where the unknown sensor faults are
compensated. Comparing with the existing results where regulatory functions meet known SUM logic,
the regulatory functions considered in this article are unknown and do not satisfy SUM logic. Furthermore,
the fault negative influence on neural network function approximation, which is caused by state sensor
faults, has been compensated. In sense of Lyapunov stability theory, the closed-loop system is asymptotically
bounded and all the signals in the system converge to an adjustable neighborhood of the origin. Finally, some

simulation results are given to show the effectiveness of the design method.

INDEX TERMS Genetic regulatory networks, gene circuit control, adaptive control.

I. INTRODUCTION

Gene regulatory networks (GRNs) have become a hot
research issue in recent years. From the research about GRNGs,
the researchers can understand the relationship and influence
among genes in a cell, further understand the cell manner and
find ways to control cell behavior. For the research, the first
task is to model for gene regulation networks (GRNs) [1], [2].
Modeling for GRNs is to construct a mathematical model
for GRNs, which can reflect the relationship and influence
among the genes in a cell. Based on the model, further
research can be made. For example, stability analysis can
be made for GRNs [3], [4]. Further, by using the model,
gene circuit control also can be designed for the GRNs to
obtain suitable function, which is called gene circuit control
design [5]-[7]. In addition, to obtain the values of model
parameters in the GRNs model, various filter design methods
also are proposed for GRNs, which is within the scope of
GRNs identification [8], [9]. However, in most of the exist-
ing results, an assumption should be satisfied, namely, for
a gene, each transcription factor acts additively to regulate
it, and each regulatory function is assumed to sum over all
its inputs. The assumption is called SUM regulatory logic
assumption in literature [1]-[12], [23]. In fact, in a cell,
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GRNs are very complex, and the gene regulatory among
the genes also is complex, which implies that the so-called
SUM regulatory logic does not always hold. The purpose
of SUM regulatory logic maybe to decrease the complexity
and to easily understand the GRNs. That is to say, in some
cases, gene regulatory does not satisfy the SUM logic and
is nonlinear regulatory [17], where the regulatory function is
a nonlinear function about the states of the other genes in a
cell. Note that, in our previous results [17], stability control
design was not considered. Obviously, the control design in
the above literatures [1]-[12] do not suitable for the GRNs
without SUM regulatory logic. Therefore, how to control for
GRNs without SUM regulatory logic is necessary and more
interesting, which is the first motivation of this work.
Sensors including state and output sensors may become
faulty in the practical applications [17]-[20]. Due to the
sensor faults, the precise values of the GRNs’ states cannot
be obtained and further cannot be used in gene circuit control
design, and only the values polluted by the faults can be
applied in the control design. Note that, the values polluted by
the faults will affect not only control accuracy but also control
performance. Thus, to increase control accuracy and perfor-
mance of the GRNs with sensor faults, the faults should be
compensated, and fault-tolerant control (FTC) design should
be proposed. Up to now, to our best knowledge, however,
sensor faults were not considered in most of the results about
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GRN:s in literature. In fact, for control designing of dynamics
systems including GRNSs, state sensor fault compensation and
FTC still is a challenging and open problem, which also
motivates us for this work.

Neural networks (NNs) including radius basic function
neural networks (RBFNNs) [15]-[17], can approximate any
unknown smooth function on a compact set. For example,
for an unknown continuous function f(x) with state vector
x, RBFNNs are used to approximated it. The input layer
contains x, and the final output of the NN, i.e., f (x, 1), also
is dependent on state vector x. From NNs approximation
theory, we know, on a compact set, f(x) — f (x, 1) is bounded
and f (x, 1) can be seen an approximation of f(x). Note that,
it is via sensors that the signal x, can be obtained by the
designer and used in control designing. That is to say, only
Xq, MOt x, can be using in RBFNNs, which implies that the
NN final output is f (xa, 1). Obviously, in the fault-free case,
X = x4 and f (xg, ) = f (x, 1). However in the faulty case,
things have changed a lot, where f (xg, 1) #£ f (x, 1) because
of x # x,. It implies that the state sensor faults affect the
final output, further affect the approximation accuracy of the
NNs. Hence, state sensor faults should be compensated when
NN are used to approximate an unknown smooth function.
However, how to compensate for the sensor faults in NNs
function approximation is necessary and important, which is
a motivation of this work.

In this paper, we consider the gene circuit control design
problem of GRNs without SUM regulatory logic, and propose
a fault-tolerant gene circuit control method against state sen-
sor faults. Comparing with the existing results in literature,
the following contributions are emphasizing.

(1) Unlike the previous results [1]-[6] where gene regula-
tory logic is SUM logic, the regulatory logic considered in
this paper is not only unknown but also nonlinear;

(i) Different from [7]-[12] where the gene regulatory
functions are known, the gene regulatory functions consid-
ered in this paper are unknown and will be approximated by
NNs;

(iii)) The previous results about GRNs such as [1]-[12]
where state sensor faults are not considered, the faults are
considered and compensated to reduce their negative influ-
ence on NNs’ function approximation.

The rest of this paper is organized as follows. In Section II,
the preliminaries and problem formulation are presented.
Main results are proposed In Section III. Section IV gives
some simulations. Finally, Section V draws the conclusions.

Il. MODEL FORMULATION AND PRELIMINARIES
In this section, the GRNs considered in this paper can have
the following form,

!hm0=—m&M0+&@ﬁ»+mm o

Xip(t) = —cixip(t) + dixi m(1)) + i p,

where x; ,(¢) € R and x; ,,,(t) € R respectively concentrations
of protein and mRNA of the ith gene; ¢; > Oand a; > 0
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are degradation rates of protein and mRNA, respectively;
u; m € Rand u; ,, € R are the control input signals; d; denotes
translation rate, and g;(-) is the feedback regulation of the
protein on the transcription of the ith gene, which is a smooth
function. Notice that, the function g;(-) is unknown.

In this paper, for (1), an equilibrium point is assumed to be

(xl e X ) Define z; y = x;m(t) — x,, and z; ) = x; p — z?jp.
Then 1t follows from (1) that
Zim(t) = —aizim(t) + fi + i m + @ix;,, @)
Zi p(t) = —Cig p(t) + dizim(t) + u; »t Clxl P’
where fl = gi(xl,p(t)a x2,p(t)7 co 7xn,p(t)) - gi(xik)p(t)
) xi’:p(t)7 Tt -x:;p(t))
Let
* * * x T
Xm = [xl,m’xZ,m’ o ’xn,m] ’
* * * x 1T
Xy = (X7 X3 oo Xy pl s
T
im = [xl,my X2ms """ xn,m]
and
T
p = [xl,[?a X2ps e ’xn,p] s
T
Unm = [ul,m» U2 m, -+, un,m] s
T
up = [ul,p, Up,--+, un,p] s
then (2) can be rewritten in the following compact form:
Zm = _AZm ‘i‘f ‘i‘ Um +AX:1 (3)

ZP == _CZP +DZm + Mp + Cx;’

where A = diaglay,--- ,a,}, C = diag{ct, - ,cn},
D = dlag{dl, ,dn}s f = [fls ’fn]T’ -x;:, =
[xl,m’ tr, xn,m]T, )C; = [xl,pv cr xn,p]T-

The main task in this paper is to design external control
input signals for the GRNs such that it is stable.

Note that, for convenience, o(t) is abbreviated to e here and
in the following.

From Lyapunov stability theory, we know, if f is known
and the states of each gene in the cell can be precisely
measured without sensor faults or measurement noises, then
up and u, can be designed as follows:

e
up = Kpr - DZn1 - C‘x;)k

= Kinzm

@

where matrices K,, € R™" and K, € R**" will be designed
later.
Define the following Lyapunov function

1
Vl = E(Z;Zm "i_ Z;Zp).
Differentiating V| with respect to time ¢, it yields
Vi = ZZ,Z+z;pzp
= 20 (—Azm +f + tm + AX})
+z[{[—Czp + Dz + up + Cx,,1.
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Substituting (4) into V1, we have

Vl = Zr];l(_AZm + KmZm) + ZIT;(_CZy + szp)
= Z%(—A + Km)Zm + Z;(—C + Kp)Zp. (5)

Obviously, if K;, and K}, are designed such that
—A+K,<0and —C+K, <0,

then, we have Vl < 0, which implies that (3) is stable. This
means that the control objective in this paper is achieved.

However, we investigate a special case in this paper. In the
case, not only f(-) is unknown, but also the states of each
gene cannot be precisely measurable because of measurement
noises or sensor faults. That is, the actual values of x; ,, and
x; p cannot be obtained, which implies that z; ,, and x; , also
cannot be obtained. Obviously, all of f(-), X; . Xi p, Zi,m and
X; p cannot be used in the control design, which means that
the above control input (4) is not reasonable and cannot be
applied in the practical applications.

In the paper, sensor fault can be described as

Xa,im = Xi,m + bi,l’m Xa,i,p = Xi,p + bi,[’ (6)

where x4 ; ,» and x, ; , are actual observed values, b; ,,, and b; j,
denote sensor faults, which are unknown but bounded.

Hence, the main task in this paper is, considering uncer-
tainty f(-) and sensor faults, to design an adaptive control laws
u, and u, such the GRNs are stable. In the control scheme,
the fault negative effect on the control performance will be
overcome by adaptive technique. In addition, neural networks
will be used to approximate the unknown continuous func-
tions, which wiil introduced in the following.

On the other hand, neural networks (NNs) can approximate
any continuous function on a compact set. In this paper, radius
basic function neural networks will be used to approximate
the unknown functions f; (i = 1,2, - - - , n) in the following
form,

fizp) = W &i(z)) + i(z))

where Z, = [z, U7, &) = [51Gp), -, &ing @),

vi Y
& j(zp) = eXp(—lel(Z(l':#), Nw is the number of the
J

RBFNNS, v; is the dimension of z,, ¢;; > 0 is the width of
the receptive field, and g;; € R(G = 1,2,---, Ny) is the
Gaussian function’s center, Wl.* € RV is the ideal weight
vector defined as

W} = arg min [sup |W!&(@p.) —fi]],

WeQw €9,

Qw = {Wil lIWill = wim},

with a constant w; ,, > 0, €2, denotes a large enough compact
set, &; denotes the optimal approximation error.

From the results on NNs’ approximation [15], [16],
we know, both of Wi* and &;(zp) are bounded.

Note that, because of sensor faults, z; , cannot obtained,
and only z,; p is obtained and used in the control design.
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Let the symbol z,

= T
Za,p = (Za,l,[n Za,2,ps """ Za,n,p)

Then, we have

fi = W&, + eiZp)
= WiTE(Zap) + W [£12)) — EGap)] + i(Zp)
= Wi E(Zap) + ef.i, 7

where ef; = Wi [£1()) — £i(Gap)] + £i(Zp).

Itis well known that, W* and &;(z,) are bounded. And from
the definition of &; j(-), we further know |§; ;(-)| < 1, which
means that the norm of &; also is bounded. Thus, ey ; also is
bounded. That is to say, |er ;| < My ;, where My ; > 0 € Ris
an unknown constant.

Note that, unknown functions can be tackled via adaptive
manner in other simpler ways [21], [22].

Now, in order to design control inputs, the following
assumptions are introduced.

Assumption 1: There exists an unknown constant
My ;i > 0 € R such that |ef ;| < My; over a compact set,
fori=1,2,---,n.

Assumption 2: The sensor faults are bounded, and there
exist two unknown constants l_n,m and l_),', p such that
|bim| < bim and |bi,p| = bi,p-

IIl. MAIN RESULTS
In this section, we will derive control inputs for the GRNs (1)
from the Lyapunov stability point of view. In addition, using
adaptive technique, the adaptive laws of sensor fault upper
boundaries also are respectively derived. Finally, a theorem
is given to summarize the main results in this paper.

Let us recall V; and its time derivative Vl R

1
Vi = E(Z,T,;Zm + z;zp),
Vi = 20 (—Azm + + tm + Ax}y)
+2) [ Czp + Dzm + up + Cx31.
Since f;(-) is unknown, RBFNNs are used to approximate
it. Since the actual values of the states cannot be obtained

because of sensor faults, as doing in (7), fi(-) can be approxi-
mated by NNs as follows:

fi(zp) = Wit &(Zap) + €5 .

Hence, unknown function vector f(z,) can be described as
follows:

F@) = i@ fo(zp), -+ s fulzp)]T
= (Wil E1Gap) Wil 62GZap), - s WiT E4Gap)]”
+ [ef,l(za,p)a ef,2(za,p)7 Tty ef,n(za,p)]T

= W EGup) + eGap) ®)
where
W = diagiw:T, Wt W)
EQ) =& ().& O, & O
eGap) = lef1Gap) er2Gap) +  efnGap)l”
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Substituting (8) into V1, we have

Vi = 2L [—Azm + WTEC) + () + ]

+2 [—Cop + Dz + up] - (9)
Define control input u,, as follows:
Uy = Km(za,m - l;m) - WT%() - Sgn(Za,m)Mf - Ax:;p
(10)

where

Sgn(za,m) = diag{Sgn(Zu,i,p)y Sgn(Za,Z,p)’ Ty, Sgn(Za,n,p)}

Mf — [Mf,l’Mf,Z’ . ’Mf,n]T
bm = [bl,m, ) bn,m]
K = diaglkym, -+, kn,m)

with design parameter k; , < O is a design parameter, Bl,m
and Mfﬁ,‘ respectively the estimations of b;,, and My ;, i
1,2,---.n

Now, substituting u, into the first term of (9), it yields

o[ =Azm + WTEC) + e() + wy + Ax;y]
—2L Az 4+ 2 WHTEC) + 2L () + 2L up,

< —z0Azm + W EC) + |zml" My + 2t
< —2hAzn + oW EC) + zaml "My + DMy + 2
= — 2L Az + ZEWTEC) + |zam|T My + BT M
+ 20 [Kin(Zam — bm) = WTEC) = sgn(zam)My] (1)
where |zoml = [lzgiml - lzamll, W = W* = W
and My = My — My, e = ler1,er2, - ,ef,n]T with

ef i W*T éz() — &i(Zp)] + &i(zq,p). where Sgn(za,m) =
dmg{sgn(za 1, m) » 58M(Za,n, m)} le] = [leif, - |enj]
M = M — Wf, the property M,f) > 0 is used, which is
ensured bt the adaptive laws ().

In the following, we will analyze the terms in (11), respec-

tively.
Since
Za,iom = Ziom — bi,ms
_ T _ T
Za,m = [Za,l,m’ tee Za,n,m] , b= [bi,M7 Ty, bn,m] s
we have
Za,m = Zm — by,
Further, we have
ZZ;,(_AZm + KmZu,m - sz;m)
= ZZ,;(_AZm + Knzm + Kinbp — Kmbm)
= _Zryy;(A — Knw)zm + Zr{,Kmbm
= —2(A = Kp)am + (@1 — bE) Kby
= —2) (A — Kn)zm + 25 Knbm — bl Kby (12)
From Young’s Inequality, we have
ZZ;,(_AZm + sza,m - Km@m)
= _ZrYy;(A — Kz + ZZ,mebm - byTnKmbm
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= _ZT(A — Kz + ZZmel;m

MpTxTx b+

1
+ = bukn, lb,{,bm (13)

where 11 > 0 is a design parameter, and 13,,, =b, — l;m.
Though simple calculation and from Young’s Inequality,
we have
dwTe —WwTle)=lwe
= Gam—bn)WE
T
= Zq, mW%— b Wf

1
g WTW$+ bTb

IA

zamW$ +

<zl We+ 2WT§ §W+2—bTbm

(14)

where 17 > 0 is a design parameter, and W=w*—W.
From the definition of &;; in Section II, we known,
&jl<1,j=1,--- ,Nw,i=1,---,n, then we have
7€ < nNw,
where Ny > 0 is the node number of NNs. Thus, (14) can be
developed as
aWTe —WTe) =7 We
~ ~ ~ 1
T We 2WTasTsW n —b,,ﬁbm
n

= Zam

1
<z ,We& 4 PV T 4 znzb;bm (15)

By similar analysis, we have
124, m|TMf + b My — 28 sgn(zamMy)
=z, msgn(za m)My — Zg, msgn(za m)Mf + bTMf
= 2 ,u58n(za,m)My + b My + b, My (16)
Since
bTb + 5 (17)

1
buMy < MfTMf

we have

— My) = b, My — b}, My

by My bT(Mf'
1
—M{ My

D1y,
m + o

< 5 b
R
+ Eb;bm + %M[Mf (18)

where n3 > 0, n4 > 0 and 5 > O respectively design
parameters.
Substituting (17) and (18) into (16), we have

|Za,m|TMf + b,Z;Mf — Z,{,Sg"(za,me)
< 24 u58(Zam)My

m+ns+ne, 1 1 L or
BTNy (4 MM,

T bt G MM
1 T x5

o ] iy (19)
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Substituting (13), (15) and (19) into (11), we have
2L [=Azm + WHTEC) + e() + up + Ax]

=< _ZZ,;(A — Ki)zm + ZZ;,mel;m

+ BT RT K By

2 m-—m

1
—bl'p
2 "

- nNw ~ r ~ 1
+of e+ PRV T o plp,,
’ 2 2m
13 + 14 + N6

> bl b,

+2q S8 Zam)My +

1 1 R
+(z— 4+ =— MMy + —M/M (20)
2y 2me ST T s S

Re-ranging (20), it yields
P —Azm + WHTEC) + e() 4t + Ax]
< —20(A = Ku)zm
+ 20 (Kb + WE + sgn(za.m)My)

- - Nw ~ - ~ 1 -~ -
x T BLKE Kb + 22 W W — N1 M
2 2ns

2 m-—m
+ Nombibm + iy M My 1)
where
1 1 n3 + N4+ ne
=+ 4227 22
Nbm m + m + ) (22)
and
(4 (23)
Mf = (z— + =—).
it 2n3  2m4

Define up, as follows:

ty =Kp(2ap — bp) = Dzam — bm) — Cx3. (24)

, by p]T, which is an estimate of

~

,b,,,p]T, bj p is an estimate of b; p,
vkn,p}’ki,p < O(l— 1,.-- ,n)isa

where Bp = [131,,,, 1327[,,
by, b[’ = [blﬁp» b2,p’ T
K, = diaglkip, ko p, - --
design parameter.

Now, let us consider the term z;(—Czp + Dz +up — Cx;‘)
in (9). Substituting (24) into it, we have

z;[—Czp + Dz + up — Cx;]
= —z;Czp + z;Dzm
+20 Kpzap — 20 Kpbp — 2 Dzam + 2} Db
= _Z;CZp + z;Dzm + z;szp + Z;Kpbp
— 2V Kyby — 2! D2y + 2. Dby — 2! Dby,
= —ZI{(C - Kp)zp + Z;KPEP + Z;D[}m (25)

where i)m =b, — Bm and Ep =b, — i)p.
Note that,

T ;i T 7 T 5
Z Kyb, = zu’prbp — bp Ky,b),

~ 1 - ~
< sy Kobp + 5 By KoK By + by 26)
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where y; > 0 is a design parameter, and

2} Dby = 2} ,Dby, — b, Db,

> 1 - R
T T T T,T
< Z4pDbm + Z_JQmeD by + ?bmbm (27)
where y» > 0 is a design parameter.
Substituting (26) and (27) into (25), we have

—20(C = Kp)zp + 25 Kpby + 21 Dby,
< —zg(C - Kp)zp + ZZ’prgp + zipDEm

- _
+ 5 By KoK By + Aprp?

5 rp
L L pTppTh, 4+ 2Tt (28)
2y2 m 2 m-m

Further, substituting (21) and (28) into (9), we have
Vi < —zh(A = K}
+z£m(Kml~7m + W& + sgn(za,m)My)
~ ~ NWw ~ & ~
x %b;K;Kmbm n "Z”TWWTW
|
+ =—M[ My + npmby,bm + Ny M My
205 s
- Zl];(c - Kp)Zp + Zz;prbp + ZZ;prm

1 -7 T i1, T
+ Z_)qbp Kpr by + ?bp bp

L oop 1z V2,7, T
+ Z_)QmeD b + ?bmbm (29)
Re-ranging (29), we have
Vi < —25,(A = Kn)am — 2, (C = Kp)z
+Z§,m(KmEm + WE + Sg”(za,m)Mf)
+ 24 ,(Kybp + Dby,)
zr 1 1 1 T\7 I -7~
bl (Z=K!'Ky + —DD")b,, + —M} M,
+m(2 m m+2)/2 )m+2)’]5 f f
U op o ors . monNw g
+ z_ylprpr bp + TW W

2 1
o+ O+ 200+ iy M My + ZH07 ] (30)

Define Lyapunov function

Vo= Vi 4+ ——WTW + T
2=V] o o
2Bw 280 1
1
2B

where By > 0, By > 0, B, > 0 and B, > O are design
parameters, respectively.
Differentiating V> with respect to time ¢, we have

o 1 -
T T
+ bmbm + %bp bp (31)

. . 1 <A 1 - A
Vo=V ——W W——Mfo
Bw Bum

1 X

- 1 ~rx
3 b;bm—ﬂ—b;bp (32)
m 4
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Substituting (30) into (32), we have
Vay < —z0(A = Kn)am — 25 (C — Kp)zp

- 1 X
"l‘b,],;[(KmZa,m + Dza,p)T — —bu]

Bm

<7 1 =

+ W Ezam — —W)
Bw

- 1 =
+ M (sgn(zam)zam — ——My)
Bu

- 1=z
+bp(Kpz}, , — —bp)
By
1 1
T T T
+b! ( KK, +§DD )bm—i-z—Mf My

Y wTw

+ ngKpKpr +
+ (7bm + )b b + N M My + EbTbT (33)

Define the followmg adaptive laws as follows:

b = BuKmzam + Dzap)! — kmbm (34)
W = Bukzam—kwW (35)
1y = Busen(am)zam — eully (36)
by = BoKpl , — kcpbp 37)

where «,, > 0, kw > 0, ky > 0and k, > 0 are design
parameters, respectively.
Substituting the adaptive laws (34)-(37) into (33), it yields
V) < —zh(A - Km)zm
Km

bl by
+ g Bbn+ g0

— ) (C = Kp)zp
YWTW + M T +—b b,
B LB,

1 1
+bT( LKTK,, + —DD )b, + Z—MfTMf
ns

2y

N
+—hT KT, + "2"2 IRNW T vy

T,T
Pprpl (38)

+ ?)bz;lbm + anfoTMf + )

From Young’s inequality, we have

W wlw < ——WTW + T (39)

ﬁW 28w 2ﬁw

By the similar analysis, we also have

KM 0 o kM &1 KM 3 T o T
MMy < ———MI My + —M'MT, (40
MMy 25 My ¥ o My (40)
K ~7 » Km ~7~ K,
ﬂ_zb;bm < —ﬁ—’”bl;bm + ﬂ—:b;bm, (41)
Kps14 T Kp.1
LpTh, < b by + LbT'b,, 42)
By ¥ By By ¥
Substituting (39)-(42) into (38), we further have
Va < —2h(A = Kn)am — 2, (C — Kp)gp
Kw 772’1NW
— (o — ——IW'W
2Bw

131038

_ (;TMM _ L)MfTMf
13,{1(;—'”1 - METK,, + %WDDT)Bm

K
-G - 5

Kw
+ EW*TW*
+ (T + Nt )M}
+ <ﬂ—m + o + b
+ (ﬁ_,, )bTbT (43)

By the design parameters are chosen suitably, we can
obtain

Kw nanNw

AW = —— — 0
Y= 28w 2 =
1
)\.MZK_M__<O
2Bm 275
1
Ay =y MgTg + _— ppl <0
mE T mim T PP S
Kp 1
y= L —— <0 (44)
,Bp 2y

Then, (43) can be re-written as
V) < —zh (A — K)am — 2, (C
— kwﬁ/TW — AMMfTMf
— by Ambm — ApbL by + 1 < AV + i (45)

— Kp)zp

where
A= min{kw, AM, )‘p’ )\-m’ L, L, L, i}
Bw Bu Bm Bp
A = min{oyin(A — Kp,), Umin(c - Kp)v Omin(Am)}

W Ty T
=—W'W — M
28w ( ﬁ + anf) '
+ 2+ 0L+ G2 4 TpTRT (a6)
B Nom + 5 Vm m ,Bp 2 %%

and the symbol oy,;,(e) denotes the minimum eigenvalue of
matrix e.

From (45) and the definition of V5, it can be seen that,
if Vo > %, then Vo < 0. Thus, all the signals in the closed-
loop system are uniformly bounded, namely,

21 210 - [2Bm
< _1 < _’ M S —7
llzmll < - llzpll < . [|My|| .
= 2Bw i - 2Bmpm = 2Bp1
W]l < ‘/T’ bml| < ;" o bpll < T”

(47)
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which implies that all closed-loop signals converge to an
invariant compact set €2 defined as

Zm>
21 21
%, ||Zm||§\/_, zpll =V

My, ﬂ [2

- Wl ﬂMM

= W]l < Myl < () =
, 2/3 w 2ﬁ W

" byl </ ===, [Ibmll </ == p

p

Q

=

S S

Now, let us propose the following theorem to summarize
the analysis.
Theorem 1: Consider the GRNs (1) with Assumptions
1 and 2. If control inputs (10), (24) and adaptive laws
(34)-(37) are adopted, then, (3) is asymptotically stable, all
the signals in the closed-loop system are bounded and con-
verge to an adjustable compact set 2.
Proof: From the above analysis, it is easy to obtain the
result. the detailed proof is omitted here. ]

IV. SIMULATION RESULTS
In this section, let us consider the following GRNs, which
contains three genes,

X1m(1) = =3.4 X1 + f1 (1, m (1), X2,m(2), X3,m(1))
)'61’17(2‘) = 0.9x1,p + 0.3x1 (1)

qo,m(t) = —3.60x0, + f2(x1,m(t), X2,m(t), X3,m(1))
)'Cqu(l‘) = 0.8)62,[7 4+ 0.2x2 (1)

xX3,m(t) = —=3x3m + F3001,m(8), X2,m (1), X3,(1))
)'63’17(2‘) = 0.7x3, + 0.35x3 1n(?)

where unknown gene regulatory functions have the following
forms

xip(t)
he) = —0.125T32p(t),
f2() = —=0.126 x; (1)x3 p(2),

xt (@)
HE) = —0.127T12J7(t).

As doing in (2), the above GRNs can be re-written as

Im(t) = —Axp(t) +f
Xm(t) = _Cxp(t) + Dx(2),

where x, = [xl,mvx2,max3,m]T7 Xp = [xl,pyxZ,p’x?y,p]Ta
f=1h.hA1,
34 0 0
A= 0 36 0],
L 0 0 3
0.9 0 0
C = 0 0.8 0
L 0 0 0.7
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Adding control inputs u, € R" and u, € R" to the above
equation, then we have

Am(t) = —Axp(t) +f + tm
X (1) = —Cxp(t) + Dxp (1) + up,

where u;, = [U1 m, U2, m, ug,m]T and up, = [uy p, u p, ugyp]T.

In this paper, sensor faults are set as follows: by, =
0.1sin(x1,m), bam = 0.1sin(x2 ), b3 m = 0.1sin(x3,,),
bl,p = 0.1 cos(xl,p), bz,p = 0.1 cos(xz,p), b3,p =
0.1 cos(x3p).

The initial states are set as: x,,(0) = [0.15, 0 20, 0.2517,
x,(0) = [0.15,0.20,0.25]”. Weight vector W; € R',
i = 1,2, 3 are taken randomly in interval (0, 1]. The design
parameters are set as follows: g = 10,1 = W, M, m,p,
na =0.1,d =1,2,3,4,5, kp = kw = km = kp = 0.15.
In this simulation, it is assumed that equilibrium point is the
origin. In this simulation, the sample time is 0.08s.

Simulation results are given in Fig.1-4. Figures 1 and 2.
clearly show that x1 , X2,m, X3,m, X1,p, X2,p and x3, can
asymptotically converge to the adjustable neighborhood of
the origin. Figures 1 and 2 further show that, by using the
fault-tolerant control inputs (10) and (24) with the adaptive
laws (34)-(37), the GRNs are asymptotical stable and the
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states of the GRNs asymptotically converge to the adjustable
neighborhood of the origin.

However, if the faults are not consider and compensated
in control design, namely, there are not fault compensation
terms in (10) and (24), the situation will change greatly. From
Figures 3 and 4, we find, the states of the GRNs do not
asymptotically converge to the adjustable neighborhood of
the origin, which means that the control objective defined in
Section II is not obtained.

In order to further show the effectiveness of the con-
trol design in this paper, according to the previous
works [17], [28]-[30], another control design is applied. The
simulation results can be given in Figures 5 and 6. From
Figures 5 and 6, we find, if the faults exist in sensors and fault
have not been compensated in control design, the states are

131040
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divergent, and the trajectories of the states cannot converge to
the origin. From the above simulation results, the presented
control strategy in this paper works very effectively.

V. CONCLUSION

In this paper, the gene circuit control design is studied for the
GRNs with nonlinear gene regulatory logic, which are subject
to sensor faults. based on neural networks, a control method is
presented. In the method, the unknown gene regulatory func-
tions are approximated by neural networks, and the unknown
sensor faults are compensated. Simulation results show that
the proposed method is effective.
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