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Abstract: For a class of continuous stirred tank reactor (CSTR), an adaptive control method based on extended state

observer (ESO) and backstepping method is proposed. Meanwhile, continuous action reinforcement learning automata

(CARLA) is used to tune the controller parameters. The CSTR is regarded as a non-strict-feedback nonlinear system with

uncertain functions. The extended state observer is used to estimate the state variables of the system in real time, and the

uncertain function of the system is approximated online by that. In this way, the system is compensated as a linear second-

order integral series system, and the backstepping controller is designed for it. The stability of the system is analyzed by

Lyapunov stability theorem, which is proved that all signals in the closed-loop system are bounded. Furthermore, CARLA

algorithm is designed to search the optimal value of controller parameters rapidly, which solves the problem that a large

number of controller parameters are difficult to be tuned manually, and the control quality is improved. Finally, the simu-

lation results verify the effectiveness of this method, and the superiority of that is further proved by comparing with other

methods.
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Fig. 1 Schematic diagram of continuous stirred tank reactor
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⎪⎪⎩
dCA

dt′
=

F

V
(CAf − CA)− r,

dT

dt′
=

F

V
(Tf − T ) +

(−ΔH)

ρCp

r − hA

V ρCp

(T−Tc),

(1)

r = k0CA exp(− E

RT
). ,

(1) , :

Da =
k0e

−γV

F0

, γ =
E

RTf

,

Bh =
(−ΔH)CAf

ρCpTf

, β =
ηAh

ρCpF0

.

:

x1 =
CAf − CA

CA

, x2 =
T − Tf

Tf

,

t = t′
F0

V
, u =

Tc − Tc0

Tf

.

(1)⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ẋ1 = −x1 +Da(1− x1) exp(
x2

(x2/γ) + 1
),

ẋ2 = −x2 +BDa(1− x1) exp(
x2

(x2/γ) + 1
)−

β(x2 − x2c) + βu,

y = x1,

(2)

: x1 x2 , y , (1) (2)

1[27].

Tc A ,

y = x1 xr,

.

1 CSTR

Table 1 CSTR model parameters and meaning

CA A k0

t′ E

F R

V F0

CAf A Tc0

T Da

Tf γ

ΔH Bh

ρ A β

Cp A x1

Ah x2

η t

Tc u

3
3.1

n n+ 1 ,

n+ 1

, .

,

: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẋ1 = x2,

ẋi = xi+1,

ẋn = xn+1 + b0u,

ẋn+1 = h,

y = x1, i = 2, · · · , n− 1,

(3)

(2) ,

(3) , ,

.

[28],

:⎧⎨
⎩ẋ1 = f1(t, x1, x2),

ẋ2 = f2(t, x1, x2) + βu.
(4)

x̄1 = x1, x̄2 = f1(t, x1, x2),

f1(t, x1, x2) =

− x1 +Da(1− x1) exp(
x2

(x2/γ) + 1
),

f2(t, x1, x2) =

− x2 +BDa(1− x1) exp(
x2

(x2/γ) + 1
)−

β(x2 − x2c).

(2)⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

˙̄x1 = x̄2,

˙̄x2 =
∂f1
∂t

+
∂f1
∂x1

f1(t, x1, x2)+

∂f1
∂x2

f2(t, x1, x2) +
∂f1
∂x2

βu.

(5)

∂f1
∂x2

�= 0, b̄(t)
∂f1
∂x2

β

, ⎧⎪⎪⎨
⎪⎪⎩

˙̄x1 = x̄2,

˙̄x2 = x̄3 + b̄(t)u(t),

˙̄x3 = h

(6)

(5) ,

∂f1
∂t

+
∂f1
∂x1

f1(t, x1, x2)+

∂f1
∂x2

f2(t, x1, x2) + (
∂f1
∂x2

β − b̄(t))u
Δ
= x̄3

, (5) .

(5)
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⎪⎪⎪⎪⎪⎩

e1 = z1 − x̄1,

ż1 = z2 − β1e1,

ż2 = z3 − β2e1 + b̄(t)u(t),

ż3 = −β3e1,

(7)

: z = [z1 z2 z3]
T x̄ , β =

[β1 β2 β3]
T .

, (5)

, .

(7) .

e = z − x̄, (8)

ė = ż − ˙̄x = Ae+Bh, (9)

: e = [e1 e2 e3]
T, ei = zi − x̄i(i = 1, 2, 3),

A =

⎡
⎢⎣−β1 1 0

−β2 0 1

−β3 0 0

⎤
⎥⎦ , B =

⎡
⎢⎣ 0

0

−1

⎤
⎥⎦ .

1 QT = Q > 0,

PT = P > 0,

ATP + PA = −Q. (10)

e → 0 , ,

Lyapunov :

V0 = eTPe. (11)

(11)

V̇0 = ėTPe+ eTP ė =

eT(ATP + PA)e+ h(BTPe+ eTPB). (12)

1 Young’s

BTPe+ eTPB � ‖BTP‖2 + ‖e‖2 �
‖P‖2 + ‖e‖2. (13)

3 x̄3 h ,

γ ‖h‖ � γ.

(10) (13) (12)

V̇0 �− λmin(Q)‖e‖2 + h(‖P‖2 + ‖e‖2) �
− (λmin(Q)− γ)‖e‖2 + γ‖P‖2 �
− CV0 + γ‖P‖2, (14)

: C =
λmin(Q)− γ

λmax(P )
, λmin(Q) Q

, λmax(P ) P .

(14) eCt t

0 � V0 � (V0(0)− γ‖P‖2
C

)e−Ct +
γ‖P‖2
C

. (15)

κ >
γ‖P‖2
C

(V0(0)− γ‖P‖2
C

)e−Ct +
γ‖P‖2
C

= κ, (16)

V0 (0, κ)

t = ln(
V0(0)− γ‖P‖2

C

κ− γ‖P‖2
C

). (17)

, Lyapunov ,

, λmin(Q) − γ > 0 γ‖P‖2
, (7) .

3.2
,

.

, .

:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ẋi,1 = xi,2 − ki,1 · fal(σi,1, ϕi,1, δi),

ẋi,2 = −ki,2 · fal(σi,2, ϕi,2, δi),

σi,1 = xi,1 − xi,d,

σi,2 = xi,2 − ẋi,1,

(18)

: ki,1 ki,2 , xi,d xi,1

, σi,1 σi,2

.
[29]

fal(σ, ϕ, δ) =

⎧⎨
⎩|σ|ϕ sgnσ, |σ| > δ,

σ/δ1−ϕ, |σ| � δ,
(19)

σ , δ ϕ,

,

σ , , ,

, .

ẋi,d = 0,

xi,1(0) = xi,d(0), xi,2(0) = 0, ,

0, .
[30] fal(σ, φ, δ) ,

.

1) |σ| � δ , (18)⎧⎪⎪⎨
⎪⎪⎩
ẋi,1 = xi,2 − ki,1

δi
1−ϕi,1

σi,1,

ẋi,2 = − ki,2

δi
1−ϕi,2

σi,2,

(20)

⎧⎨
⎩σ̇i,1 = σi,2 − k̄i,1σi,1,

σ̇i,2 = −k̄i,2σi,2,
(21)
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:

k̄i,1 =
ki,1

δi
1−ϕi,1

, k̄i,2 =
ki,2

δi
1−ϕi,2

,

Hurwitz

Li =

[
−k̄i,1 1

0 −k̄i,2

]
,

Hi = HT
i > 0, Gi = GT

i > 0,

LT
i Hi +HiLi = −Gi. (22)

Lyapunov

Vσ,i = σT
i Hiσi, (23)

σi = [σi,1 σi,2]
T, (23) (22) ,

V̇σ,i = σ̇T
i Hiσi + σT

i Hiσ̇i =

σT
i (L

T
i Hi +HiLi)σi �

− λmin(Gi)‖σi‖2, (24)

λmin(Gi) Gi .

Lyapunov , (18)

, λmin(Gi) < 0.

2) |σ| > δ , (18)⎧⎨
⎩ẋi,1 = xi,2 − ki,1|σi,1|ϕi,1 sgnσi,1,

ẋi,2 = −ki,2|σi,2|ϕi,2 sgnσi,2.
(25)

ϕi,1 =
2

3
, ϕi,2 =

1

2
,

(25) Levant [31], [31]

. (18)

, σi → 0.

⎧⎨
⎩ε1 = z1 − xr,

ε2 = z2 − α1,
(26)

xr .

,

,

u = αn − zn+1

b̄
. (27)

2 .

1 (5) 1 ε1,

α1:

α1 = −c1ε1 + ẋr. (28)

(26) (27)

z2 = ε2 + α1, (29)

ε̇1 = z2 − β1e1 − ẋr = ε2 − c1ε1 − β1e1. (30)

Lyapunov

V1 =
1

2
ε21. (31)

V1 ,

V̇1 = ε1ε̇1 = −c1ε
2
1 + ε1ε2 − β1e1ε1. (32)

2 (5) 2 ε2,

α2:

α2 = −c2ε2 − ε1 + ẋ1,c. (33)

(26) (33), (27) ,

ε̇2 = z2 − ẋ1,c =

z3 + b̄u− β2e1 − ẋ1,c =

α2 − β2e1 − ẋ1,c =

− c2ε2 − ε1 − β2e1. (34)

Lyapunov

V2 =
1

2
ε22. (35)

V2 ,

V̇2 = ε2ε̇2 = −c2ε
2
2 − ε2ε1 − β2e1ε2. (36)

:

,

Lyapunov :

V = V0 + V1 + V2, (37)

V̇ = V̇0 + V̇1 + V̇2 �
− (c1ε

2
1 + β1e1ε1 + c2ε

2
2 + β2e1ε2)−

(λmin(Q)− γ)‖e‖2 + γ‖P‖2. (38)

Young’s

−βie1εi �
β2
i e

2
1

τ
+

τ

4
ε2i , (39)

τ , .

(39) (38),

V̇ �− (c1ε
2
1 + β1e1ε1 + c2ε

2
2 + β2e1ε2)−

(λmin(Q)− γ)‖e‖2 + γ‖P‖2 �

− (c1 − τ

4
)ε21 − (c2 − τ

4
)ε22 + γ‖P‖2+

β2
1e

2
1

τ
+

β2
2e

2
1

τ
− (λmin(Q)− γ)‖e‖2 �

− a0(V1 + V2) + d, (40)

:

a0 = min{2c1 − τ

2
, 2c2 − τ

2
}

;

d = γ‖P‖2 + β2
1e

2
1

τ
+

β2
2e

2
1

τ
− (λmin(Q)− γ)‖e‖2
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, (14)

. V = V (0) ,

a0 >
d

V1(0) + V2(0)
,

V̇ (t) � 0. (40) ea0t

0 � V (t) � V̄0 +
d̄

a0

+ (V (0)− V̄0 − d̄

a0

)e−a0t,

(41)

: V̄0 � V0(t), d̄ � d(t). (41)

. ,

. , ,

.

, .

4
,

.

6 , : c1,

c2; β1, β2, β3

b̄. b̄ ,

. CARLA
[22–25],

Ωi = {ωi|ωimin � ωi � ωimax},

[12] ,

,

ωimin ωimax.

,

,

. ,

, ,

. ωi fi(ωi, 1).

,

fi(ωi, 1) =

⎧⎪⎨
⎪⎩

1

ωimax − ωimin

, ωi ∈ Ωi,

0, .

(42)

,

, :� ωi(k)

ωimin

fi(ωi, k)dωi = θi(k), (43)

θi(k) [0, 1]

. ωi .

,

μ(k) = min{max{0, Jmed − J(k)

Jmed − Jmin

}, 1}, (44)

: Jmed , Jmin

.

, 0.

fi(ωi, k + 1) =⎧⎨
⎩φ(k)[fi(ωi, k) + μ(k)H(ωi, r)], ωi ∈ Ωi,

0, ,
(45)

H(ω, r) r = ωi

H(ω, r) =

(
gh

(ωmax − ωmin)
) exp(− (ω − r)2

2(gw(ωmax − ωmin))2
),

(46)

gh gw , H

.

φ(k) =
1� ωimax

ωimin

[fi(ωi, k) + μ(k)H(ωi, r)]dωi

(47)

,

1.

,

J =
� T

0
(ζ2 + υ ·Mp)dt, (48)

: ζ = x1 − xr , Mp ,

υ . υ ,

, . ,

, .

,

,

, ,

:

zi Z =

{zi|x̄imin � zi � x̄imax},

.

zi Z , ,

J M ,

.

2 CARLA , ,

(43) .

Z , (48)

J , J = M . ,

.

,

. ,

N , ,

.
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2 CARLA

Fig. 2 Flow chat of CARLA

5
(5) .

x̄1(t) xr(t).

,

,

xr(s)

r(s)
=

25

s2 + 25s+ 25
, (49)

: r(s) , xr(s) .

Da = 0.078, γ = 20, Bh

= 8, β = 0.3.

3–7 . 3

.

, .

,

,

. 2 .

[12]

, 3ωo = 3ω2
o = ω3

o . ωo

, ωo ,

.

ωo, CARLA ,

.

(a)

(b)

(c)

(d)
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(e)

(f)

3

Fig. 3 Tendency of probability density of controller pa-

rameters

2

Table 2 Parameter range and optimal value of

controller

c1 [0, 10] 4.9550

c2 [0, 500] 449.1018

β1 [0, 100] 62.3762

β2 [0, 500] 470.0599

β3 [0, 2000] 231.8841

b̄ [0.001, 1] 0.0729

4 .

, ,

. 5 ,

. 7

, 2 .

2 ,

. CARLA-NPD CARLA

(NPD) ,

, .

CARLA ,

,

. GA– (GA)

,

.

, , CARLA

,

, .

4

Fig. 4 Mean of cost function

5

Fig. 5 Extended state observer observation effect

6

Fig. 6 Virtual control signal

6

,

CARLA .

,
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.

, ,

.

. CARLA ,

, .

.

7

Fig. 7 Comparison of tracking effects of different wave

control signals by different control methods
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