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Architecture for Hydraulic Support Cylinder
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Abstract—This paper takes the hydraulic support cylinder
system (HSCS) as the research object. Based on its working
principle and physical characteristics, a nonlinear mathematical
model describing the electro-hydraulic control power system
of the hydraulic support is constructed. Firstly, by combining
reinforcement learning technology and asymmetric output
constraint theory, an adaptive asymmetric output constraint
optimal control strategy is proposed, aiming to enhance
the robustness of the system and meet industrial constraint
requirements. Secondly, by adopting a simplified optimal
backstepping design method, an adaptive optimal controller
is designed to ensure that the performance of each subsystem
reaches the optimum and the output error of the system is
always limited within the preset asymmetric constraint range.
Finally, the simulation verification shows that the proposed
method has good effectiveness and engineering feasibility.

Index Terms—Hydraulic support cylinder, Adaptive optimal
control, Reinforcement learning, Asymmetric output constraints

I. INTRODUCTION

S the tide of industrial intelligence sweeps across

the landscape, the intelligent control system governing
the “trinity” of fully mechanized mining operations has
emerged as a cornerstone technology for safeguarding safety
and amplifying efficiency. Among its critical elements, the
electro-hydraulic control cylinder of the hydraulic support
stands out, yet it grapples with formidable challenges
owing to its pronounced nonlinear hysteresis and parameters
that vary with time. These hurdles include the intricacies
of dynamic modeling and the shortfall in servo tracking
precision [1, 2]. Fortunately, the evolution of adaptive
nonlinear control theory heralds an ingenious resolution,
paving the way for the intelligent advancement of such
sophisticated industrial systems [3, 4].

Optimal control for nonlinear systems is one of the core
aspects of modern control theory, aiming to optimize the
performance indicators of control systems [5]. It integrates
the fundamental conditions and methods distilled from
practical problems, with the research object being controlled
dynamic systems or motion processes. It seeks the best
control scheme among the allowable ones to ensure the
system achieves the optimal performance when transitioning
from the initial state to the target state [6]. With the
rapid development of digital technology and electronic
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computers, optimal control has been widely applied in
production, military, and economic activities, playing a
significant role in the national economy and national defense.
The optimal problem is theoretically equivalent to solving
the Hamilton-Jacobi-Bellman (HJB) equation [7], but due
to its strong nonlinearity and dynamic uncertainty, it is
difficult to solve directly through analysis. To overcome this
challenge, reinforcement learning (RL) and adaptive dynamic
programming (ADP) have been proven to be effective
solutions. RL and ADP were initially proposed by Werbos for
discrete systems [8] and later extended to continuous systems
[9, 10], but they are only applicable to affine nonlinear
systems. For the control problem of nonlinear mismatched
systems, in [11] proposed an optimal control method based
on the backstepping framework, ensuring the optimization
of each subsystem. To simplify complexity and alleviate the
continuous excitation condition, in [12—14] further simplified
the optimal backstepping control strategy.

Constraints are a frequent occurrence in practical control
systems. Considering that control systems often have to
strike a balance between performance requirements and
physical limitations, the constraint problem holds significant
importance in practical control systems [15, 16]. To date, the
barrier Lyapunov function (BLF) has become the mainstream
method for dealing with constraints due to its ability to
constrain state variables within a predefined compact set
[17-21]. In [17], the BLF method was used to control
a multi-input multi-output (MIMO) nonlinear system to
achieve practical stability under output constraint conditions.
In [18], a neural network adaptive fault-tolerant controller
based on integral type BLF was adopted, and it was
proposed that the full state constraint of the uncertain
nonlinear system could be satisfied even if the initial value
violated the predefined compact set limit. However, it should
be noted that the BLF technique in [17, 18] is only
used to handle symmetric constraints. Recently, in [19-21],
further research on the tracking control of nonlinear systems
under time-varying asymmetric constraint conditions has
been conducted using different types of BLF. That is, the
constraints are allowed to be asymmetric and time-varying,
and the boundary conditions have been greatly relaxed in
these works, which is more in line with the application of
actual systems.

Based on the above research, this paper takes the
working principle of the hydraulic support electro-hydraulic
control cylinder as the control object, and combines the
reinforcement learning algorithm and adaptive control theory,
aiming to optimize the overall stability and robustness of the
system operation. Through the modeling analysis, controller
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design and simulation verification of the working process
of the hydraulic support electro-hydraulic control cylinder
system, an optimal control strategy combining reinforcement
learning and asymmetric output constraints is proposed.
The specific contributions are summarized as follows: 1)
Mathematical analysis and modeling of the working principle
and physical process of Hydraulic support cylinder; 2)
Keeping all signals in the Hydraulic support cylinder system
bounded while achieving performance optimization of each
subsystem; 3) The system output error strictly conforms to
the pre-designed form and avoids any violation of constraints
throughout the process.

II. MODEL DESCRIPTION AND PRELIMINARIES

Assuming that the electro-hydraulic control cylinder
system of the hydraulic support operates in the direction
shown in Figure 1 during operation, according to the force
balance equation and the flow balance equation, its dynamic
equation can be expressed as:

MX, =p1A, — psAs — BX, + Fr (1)

where p; = (ps + pr)/27 b2 = (ps - Pr)/2~ m is the
load mass, X, is the displacement of the hydraulic support
cylinder, B is the damping coefficient, and F7 is the external
force acting on the hydraulic support cylinder. A; and A, are
the effective areas of the non-symmetric cylinder’s rodless
chamber and rod chamber respectively. p; and p» are the
pressures at the oil cylinder’s inlet and outlet respectively. p
and p, are the supply and return oil pressures respectively.
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Fig. 1: Model diagram of hydraulic support cylinder.

Subsequently, by introducing a state space transformation
&1 =mX,, & =mX,, and £ = p1 A1 — p2As, (1) can be
transformed into a nonlinear system of the following form:

& = méy
52253—§€Q—FT—m9
m

€3 = mu — Y2€s — Y3(p1 — p2)
y==6&

2

where ¢ = [£1,&,£3]7 € R? denotes the state variables. u
and y are the control input and output, respectively. The u is
a voltage signal ranging from 0 — 10 V, which satisfies the
linear relationship x, = k,u. In this paper, x, denotes the

displacement of the spool in the proportional valve, and k,
represents a positive constant.

Then, for Vi > ty, the system output is constrained by
a asymmetric time-varying boundary condition, defined as
follows:

—0,,(t) <& < T (D) 3)

where ¢ () and D,,(t) represent time-varying boundary
functions, with the constraint being asymmetric when
0,,(8) # Bur (2).

Additionally, the bounded parameters 71, 72, and 73 are
defined as follows:

AR AsR
= ( ! Ai 2 Aj )Bequv
i+t Va— 226
Af A3
v as - g @
Ay 2
V3 = Bec
(Vl-l-%fl ‘/2_%51) '
where Ry = \/ps + sign(zy)(ps —2p1) and Ry =

\/ps + sign(z,)(2p2 — ps). B represents the effective
volume elastic modulus of the hydraulic system, C} is the
leakage coefficient within the hydraulic cylinder, K, is the
flow gain of the proportional valve, and V; and V5 are the
initial volumes of the two chambers of the hydraulic cylinder.

Lemma 1 [22] Let f(x) be a continuous function defined
on a compact set €2,. Then for Ve > 0, there exist the NN
¢TW(z) such that

sup |f(z) = (T (z)[ <e (5)

€N,
where ¢ = [(1,(2,...,Cn]T € R™ is the weight vector
and U(z) = [¥1(2),Y2(x),...,Ym(z)]T is the NN basis
function with m > 1 is the number of NN rules. ¢;(z) =
exp[—|lz — &|?/9%],i = 1,2,...,m is the Gaussian
function, where ¥; and & = [1,&0,...,&m]T represent
the width and center, respectively. The optimal parameter
vector * of NN is defined as

¢ =arg oin {sup () ~ 0@ g

Therefore, the continuous function f(x) can be expressed
as

flx) =T U(2) + () (7

where e(z) is the NN approximation error, which can be
bounded by |e(z)| < &, where Z is a positive constant. It
should be pointed out that since * is an analytical quantity,
it needs to be estimated later for practical use.

Assumption 1. There exist time-varying functions 2, (t) and
0p1(t) such that the reference signal y, satisfies —o | (t) <
0, (1) < yr <041 () < 041 (1). Additionally, the derivatives
of —p (t), 0,,(t), yr, 0p1(t), and 0,y (t) are known and
bounded.

ITIT. MAIN RESULT

In this section, we will combine the reinforcement learning
algorithm and the asymmetric output constraint control
method to design an optimal backstepping control strategy
under the critic-actor architecture, thereby constructing an
optimal controller.
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A. Optimized backstepping design

First, consider the following tracking error coordinate
transformation:
= g 1= Yr
2y = méy — & (®)
z3=§ — a5
where y, is selected as the reference signal and set to
0.2sin(t). a;—1(¢ = 2,3) and &, represent the virtual
control and actual optimal virtual control correspondingly.
Step 1: In order to impose the asymmetric time-varying
constraints on the output, an asymmetric Lyapunov function
as given in [19] is introduced:

A

(01(t) — 21)(&, (t) + 21)
)

where ¢ () and ¢, (t) are positive barrier functions. Define
set ¢z, = {—¢,(t) < 21 < &, ()}, ensuring that V is
well-defined W1th1n this compact set. Simultaneously, the
bouniiary functions designated as ¢ (1) = Qal( ) — le( )
and ¢, (1) = 2, () —
3.

Then, the derivative of V is as follows:

V= ©)

0y, (t) are chosen to satisfy condition

V=Pxa+Q) (10)
where _ _

_ 20,01 — 9,21+ 121 (11

[(61 — 21)(0, + 21)]?
Q= —él% :g% + 21(%1 — 1) (12)

20,01 — 9,21+ 0121

From (4) and (8), the derivative of z; can be calculated

Z = més — (13)

The optimal performance index function is chosen as

Ji(z) = /too Iy <21 (), (zl(v))> dv

where hy(z1,a1) = 22 + o is the cost function, and let the
optimal virtual control aj replace oy in (13), the optimal
performance index function can be obtained

s = [ (a1 (), a5 (22 (0))

oret {/too In (21(0)7 @ (Zl(v))) dv}

Replace &5 in (12) with the optimal virtual control a7, and
subsequently define the HIB equation associated with (12)
and (14) as

(14)

15)

dJy dJy
H *, 1 e 5 o .r =0
1(21,0&1 le) 1+ + dz 1( y)
The optimal virtual control o] can be computed by solving
OHy/0as =0 as

(16)

1dJ5(z)
“1 2 d21 ( )
Then, d‘](gz(fl) is decomposed into
dJi (1) ,2x1 TP
= (%= +— o 18
a2t = ( P + 5 V21 + J7 (€1, 21) (18)

where x1 > 0 is design parameter. J{(&1,21) = —(m +
IEP 5 )21 + LZ(ZI) € R is a continuous function, and
substltutlng (18) into (17) has
* X1 P

oi = (% + )

P 4 (19)

- §J 1 (&, 21)
Since J{(&1,21) is continuous unknown function, it can
be approximated by NN as follows:

JP (&, 21) = (1 Ui (ér, 21) + e (6, 21)

where (%, represents the ideal weight vector, W ;i (&1, 21)
is the basis function vector, and €1 (&1, 21) represents the
approximation error bounded by |e;1(&1,21)] < Ey1 as
arbitrarily small. Then, (18) and (19) can be reorganized as

(20)

521 (7 +7) 1+ TV +en 2D
. 7P .
oy = (% +T) C] Wy — 51 (22)

Since (5, is unknown constant vector, the optimal virtual
control (22) is not available for the controlled system. To
derive the effective optimized virtual control, the following
RL algorithm with critic and actor is performed.

dJi(z) 2x TP -
= (222 4 - L\ 23
&, Up T)atata (23)
. P 1.
&t = —(p +)2 — 5ChEn 4
where djgz(fl) and &7 are the estimates of L(Zl) and of,

respectively. C 11 and Cal\I' J1 are the NN Welght vectors
of critic and actor, respectively.

Following this, the weight vectors of the neural networks
for both the critic and actor are trained according to the
respective adaptive laws outlined below.

écl = -k ¥ ‘1’51@1 (25

éal =007 (f@al(ﬁfal —Ca) + ffcl&cl) (26)

where k.1 > 0 and k.1 > 0 represent critic and actor design
parameters, while .1 and k41 satisfy kg1 > 1 3> Kal > ”261.
Using (24), (13) can be rewritten as
. X1 P
Z1 = Z2 (P + 4 )
For the first backstepping step, the Lyapunov function V;
is designed as follows:

1, .
~ 5 g @D

o 1~ ~ 1~ ~
Vi =V 5Cala + 5Caka (28)
where (.1 = ¢, —Cor and Coy = Ch — (41 are the estimation
errors of the critic and the actor, respectively.
Then, the derivative of V; is

x1 TP

. 1 o .

Vi =Pz (22~— (5 + )= ) — 5a Vo = + Q)
+ Kch(EWJlelCcl + C(E\IJJl\Ijgl (K/al(gal (29)
- écl) + K:clécl)
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The Young’s inequality yields the following results

1 1
Pziz9g < §P2z% + 523
1 1
PQz <SP + SQ
(30)
—Pzjr < P2 + Sy

IN

1 N R .
—§P21C51‘1’J1 4P2Zf + zgti\l/Jl\I/?lCal

Along with (29) and (30), we can calculate:
Vi <—x1z1+ ficlégl\:["ll\:[’515c1

- s 1 1.

+ a1l W WG Car + 528 + 507
o2 (31)

+ (Kd - fial)(al\llfl\IIHCcl

Y + Q2

Based on Ccl = C}l - Ccl, Cal =

inequality, we have

- Cal and Young’s

1 -
3¢
1. .
§C£WJ1\I/§1401

* 1-
CJ U 1<J1 2CaT1‘I’J1

R . R (32)

Ul G — §C£@J1@§1Cal

CLU UL (< — =CLU VY Ca

1~ ~
- 5431%\1!?1401

Subsequently, we can acquire

Kel zp T

7 cl\I/Jl\I/J1C(:1
cl\xT T =

— )61V 1V iCa

2
KRq
- 71(51@]1\1111461

et 2 1 * *
CZI\I}Jl\IJ;lQl :§C‘I{‘I’J1‘I’§1C.H -
X \1151501 -

(¥ ¥hCa =

Vi <—x121 —

_ (’ial —
KRal 1
(5~ 2 7)
722 +

2 2
K —|—Ii "
+ ot U G+ Q2

(33)
< (U U7 G + Z)r

The following 1nequahty holds when )\{II}‘J? is the minimum
eigenvalue of ¥ ;107

(AW G < —AFChGa -
— CEU VTl < -AE G

According to the design parameters r,1 > “s* and 41 >
%, as well as (34), it can yield

- K
Vi <—xiz -~ g Ty
2 (35)
Kel \\min *T 1 2
— (Ral — U7y al T 5”2 T 01
( 5N G Car + 525 +
where 01 = 92 + 3Q? + i 5T 1 W (%, Since all

the terms in o are bounded, there exists a positive constant
o1 such that |oq] < 7y.

Step 2 : The derivative of 25 is calculated in a similar
manner.

B
=& — —& —Fr—mg— @] (36)
m

Among them, —%52 — Fr — mg can be approximated
by NN as C’;ZT\I/ f2 + €2, there exists a positive constant
Ero such that |eya| < Efo. Then, the selection of the most
suitable integral cost function is detailed as follows:

5 = [ (a0 aat0) )

2{/toc e (ZQ(”)’ az (zz(v))>dv}

where ho(z0,c2) = 22 + a3 is the cost function, o
represents the optimal controller.
Based on (37), the HIB equation is constructed as

(37

= min
€Y,

* *

_dJ o A3 L
H2(227042ad722) =25 + o5 + dié(% +Cf2T‘I’f2(§)

+ep(€)—a3) =0

(38)
The same as before, we can solve for 0Hs/dal = 0 as
1dJ5(22)
b= 39
@2 2 dZQ ( )
Then, dJ; (22) can be factored as
dJ3 (z2) 9 T
——==(2 = 205, ¥ 2
42 ( X2+2)22+ Cr2 Vo + 252 40)
+ Jé) (527 22)
where x2 > 0 is design parameter JS(E2,22) = —(2x2 +

2Z2

32 — 27 Vpp —2ep +
and the a3 can be expressed as

is a continuous function,

* 9 * 1 o
—(x2 +Z)22 - CfgquZ —&fr2— §J2 (€2,22) (41)
Since Jg (&2, z2) is unknown continuous term, it can also

be approximated using NN as follows:

JS(€2,22) = (a9 + €0

where (7, is the ideal weight vector, ¥ ;5 is the NN basis
function vector, and the NN approximation error €jo is
bounded.

Similarly, we can derive the following conclusion

(42)

dJ3(z 9
Wi () _ (2X2 +5)22 + 2073 Upo + (53 Wya + 22 (43)
dZQ 2
N 9 «T 1 .r 1
a5 = —(X2 +Z)22 - sz Upo — 5@]2 Vo — 552 (44)

where €9 = 2e2 + £ 52.

The optimal control (44), however, remains unattainable,
necessitating the execution of an RL algorithm featuring both
a critic and an actor to acquire viable control signal.

dJz (z 9 N R
dzz(;) = (2 +5)n+ 27T+ (ETn @)
-k 9 AT Lop
a2 = —(x2 +1)22 —Cpa V2 — 5@2‘1’& (46)
where dj; (222) and ds* are the estimate of L 2) and as,

respectively. CCQ\II 72 and ( W ;o are the NN Welght vectors
of critic and actor, respectively.

Same as the first step, the corresponding three adaptive
update laws are designed as follows:

CAfQ =Ty 222 — fif2€f2 47)
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lo = 48)
5(12 = _\IJJ2\IJ§2 (HaQ(CAaQ - éc2) + HcQécQ)
where I'yo > 0, Ky > 0, keg > 0 and kg2 > 0 are design
parameters, while .o and kg0 satisfy xgo > %, Kag > ”“202.
According to (46), the 2> can be expressed as follows
. 9 1.
2 =—(xo +Z)Z2 + 23 — 5@52‘1"]2
+aVps 52 — 45

oo
—ke2 VU 72 ¥ 5Ce2

(49)

(50)

Subsequently, the Lyapunov function V5 is established as

1
V2:§Z%

where (f = Cra— Cr2: Cez = (i — ez and Coz =
Then, the V5 can be calculated as

1 2p - 1xp s 1xp -
+ oT 1 <f2<f2 + 2<52C62 + 2<a2ca2 (51)

C;Q - éa2-

. 9 1, e
Vo =22(— (x2 +1)22 +z3— 5(52‘1’& + Csz‘I’fZ
Lk Kf2 > 2 pt 2
+ep2—ag) + Tszngz + K2V 2V 5 (52)

+ L 57, (Haz(éaz — (o) + chécz)
Using the Young’s inequality, we have

1 1
2923 < 52’% + §z§
15, 1
Z2€ o < 22’2 + 25)”2
. 1 1. (53)
1 . 1 A .
_§Z2C52\IIJ2 < 123 + thgq/]2w§2<a2
Substituting (53) into (52) yields
. ’{c ~
Va < — X225 — c,24f2 TGN 303 N
Ke2 Ra2 2
_(’%a2_7)<a2\11J2\I]J2Ca2 5 250 12075
Ka2 1.2 2 Ke2 + Ka2 .x
- (7 - E)CEQ\I[JQ\II?;QQIZ + R0
1 11*2 *T 1 2
X‘I’JQCJ2+25f2+20‘1 +7Cf2<f2 23
Ke2 min
- XQZ% - F(fQCfQ Ty M c2<c2
KRe2 min 1 1
— (Ka2 — 7) o CaaCaz — 223 + §Z§ + 02
(54)
where o9 = €f2 + MC; \IJJQ\IJJQCJQ Kﬁ CngC}Q +
%aj‘Q is bounded, and there exists a positive constant T2

that ensures the existence of |o2| < 7. Additionally, )\{f,“;;
represents the minimum eigenvalue of W ;W7
Step 3 : Similarly, the derivative of z3 is
i3 =83 — a3

=y1u —72€ — Y3(p1 — p2) — &3
where —y2&2 — y3(p1 — p2) can be approximated by NN
as C;E?:f\Il 73 + €3, there exists a positive constant £y3 such
that |e ¢3(€)| < €f3. Then, the selection of the most suitable
integral cost function is detailed as follows:

Ji(z3) = /too hs (23(1}), u* (ZS(U))) dv

(100 uat0) )

(55)

(56)

= min
UEng

where h3(23,u) = 22 +u? is the cost function, u* represents
the optimal controller.
Based on (56), the HIB equation is constructed as

Jx o dJ3 N

+af3—a2)_0

H3(z3,u”,
3(23 57)

The same as before, we can solve for 0H3/du* = 0 as
1dJs
uw = —= J3 (23)

58
2 ng ( )
Then, dJ5 (zs) can be factored as
dJi(z 7 N o
(59)
where x3 > 0 is design parameter. J3(&3,23) = —(2x3 +

dJs(

) z3 — 2C; % I'\y 3 — 23+ is a continuous function,

and the w* can be expressed as
. 7 . 1,
u* = —(x3 +1)Z3 — (53 Vs §J3(§3723)

Since Jg (&3, z3) is unknown continuous term, it can also
be approximated using NN as follows:

JS(&3,23) = (35 W3 + €73

where (7, is the ideal weight vector, ¥ ;3 is the NN basis
function vector, and the NN approximation error €j3 is
bounded.

Similarly, we can derive the following conclusion

dJx 7
% = (2X3+2)Z3+2C T+ 35 +e3 (62)
3

— €3 — (60)

(61)

ut = —(xs +Z)ZS — (3 Wys — C] Vs — 5¢3 (63)
where €3 = 2ey3 + €53. For (63), however, remains

unattainable, necessitating the execution of an RL algorithm
featuring both a critic and an actor to acquire viable control
signal.

dJ: (2 7 . R
$z) _ (2x3 +5)2s + 2073 Vs + (s (64)
ng 2
. 7 o 1.p
" =—(xs3 +1)23 —Cp3Ws — §Ca3WJ3 (65)
where djg (§3) and @* are the estimate of 92 (53) and u*,

respectively. CC3\II 73 and C U ;3 are the NN weight vectors
of critic and actor, respectlvely

Then, the corresponding three adaptive update laws are
designed as follows:

CAf:s =Tp3W 323 — Hfséfs (66)
Cez = —ReaW305Cn (67)
Cug = —0 5307, (”a:;(fa:; — ) + I‘éc3éc3) (68)

where I'y3 > 0, ky3 > 0, k3 > 0 and K43 > 0 are design
2
parameters, while k.3 and k.3 satisfy kg3 > 771, Kaq3 > %
Following (55) and (65), we obtain 23

7
(X3 +—)z3

. 1. = 2w
z3 =M — )23 — *CZS\I’JS +CT3\I’f3 +efs — )
4 2 !

(69)
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Subsequently, the Lyapunov function V3 is established as

1y, 1 == leps  Laps
Va= 23+ me:sz:% + 5@3@3 + 5@3@3 (70)

where gfs = C;g - éfs, &:3 = (3 — CACS and 5(13 = (i3 — éaS-

Then, the V3 can be calculated as
7 1. -
(x3+7)23 — 5Cha Vs + CfaWps +eps

4) 2
— )+

K: ~, ~ ~, ~
L2 CTilrs + heaClyl s30Tl
L3

+ Cas Vs WTs (Kas(Cas — Cea) + Keales)

Va 27123( -

(71)
Using the Young’s inequality, we have

1 ’Y1
’}/12’3€f3 S 523 + ?EjS

A% 1 A%k
~712305 < 523 2+ 7210422

1. 2, R
—57123C§3‘I’Js < 153 + %C@‘I’B‘Iﬁs@g
Substituting (72) into (71) yields

Kf3 zp z  Kesx z
- 7CfT3Cf3 - 7C£)WJ3W§3<CS

Ke3
2 )CaS\I’JS\I’JSCa?)

A

(72)

Vs < — X373

T W T

Re3 + Ra3

(’@13

Ky .
- (73**)( 3V 3075 Cas +

* 1— 1A* 3 %
X‘I’§3§J3+§5f3 5 2+ i Cf?:,rCf3

I\i[/n]l; CCS 463

—E GV
1
23 +03

- X3Z§ Cfs(fs

min

3
C)‘I’JB

& <a3

- (’@13 - 723 + o3

(73)
where o3 = 7 g??’ 4 Nc3+ﬁa3 Cﬂ;%“\I,Js\I,TgCIB + 'yl A*g +
%C}g(}?) is bounded and there exists a positive Constant
T3 that ensures the existence of |o3| < @3. Additionally,

min i : T
Ay, represents the minimum eigenvalue of W 30 7,.

B. Stability analysis

Theorem 1 Apply the control strategy proposed in this
paper to (2), where the adaptive laws for NN parameters,
critics and actors are (47), (66) and (25), (48), (67) and (26),
(49), (68), respectively, and the optimal virtual control and
control input are (24), (46), and (65). Based on this, the
following conclusions can be drawn: 1) This control strategy
can ensure that all signals in the closed-loop system remain
bounded and achieve the performance optimization of each
subsystem; 2) The output error strictly follows the design
form defined in (3) and no violation of constraints3 occurs.

Proof: Construct a Lyapunov function V = Y V;, and

i=1
by integrating the preceding steps, we can compute

3 3 3
y 2 ki3 zr = K
|4 < _Z Xi%; _Z QF Cfl - Z C’L r\Irll‘I:CczCCz
i i=2 i=1
_Z "‘Caz I\}IHJrll TCaz +Z g;

<-— @V—i—A
(74)

where © = min{2y;, 15—;;, Feis (RaiS5t )ANP™,0=1,2,3,7 =
3
2, 3},A = Zﬁi'
=0 -
The proof of Theorem 1 is completed.
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Fig. 3: z; and the constraints ¢ " ;.

IV. SIMULATION EXAMPLE

To verify the effectiveness of the control algorithm
proposed in this paper, numerical simulation verification was
carried out with the aid of MATLAB. The parameters used
in the simulation process are summarized as follows:

The corresponding process parameters in the
electro-hydraulic control cylinder system of the hydraulic
support are m = 300kg, B = 1000N/(m - S~1),
A = 1.92625 x 1073 m?2, Ay = 9.4514 x 10~*m?, p, =
2 x 107 Pa, p, = 0, kyk, = 8.9 x 107 m3/(s - V - V/Pa),
Be = T x 108Pa, C; = 4 x 107183m3/(s - Pa).
The output & is constrained within the range of
—0.18sin(2t) — 045 < & < 0.05sin(t) + 0.25. The
reference signal is selected as y, = 0.2sin(t).
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The control parameters are designed as 1 = 8, x2 = 12,
X3 — 18, Rf2 = 15, Rf3 = 20, Kel = Ke — Ke3z = 10,
Kaql = Kg2 = Kaq3 = 12. Furthermore, the initigl] values
are set as £1(0) = —0.2, £&(0) = &(0) = 0.2, (r2(0) =
<f3(0) = [0.2, . ,02]AT S RGAXl, 461(0) = Cal(o) =
[0.5,...,0.5]7 € RO, (2(0) = (42(0) = [0.4,...,0.4]T €
R6*1, (3(0) = Ca3(0) = [0.4,...,0.4]7 € RO*1,

The simulation results show that the dual neural network
structure based on the critic-actor framework proposed in this
paper can efficiently evaluate the value function of the current
control strategy, generate adaptive compensation terms to
optimize the control law, and ensure that the output error
of the hydraulic support cylinder system is always within
the preset range by dynamically adjusting the system control
gain online. Figures 2 and 3 verify the excellent tracking
performance of the system under this strategy. Figures 4
to 8 further demonstrate that the critic adaptive law, the
actor adaptive law, and the optimal controller designed in
this paper all exhibit fast convergence characteristics and
maintain stability, thereby effectively achieving the optimal
control state of the system.
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V. CONCLUSION

Based on the working principle of the hydraulic support
electro-hydraulic control system, a more precise control
mathematical model was constructed. Combined with
reinforcement learning technology, an optimal backstepping
controller with a critic-actor mechanism was designed.
By introducing the asymmetric constraint theory method,
this controller not only achieved performance optimization
of each subsystem but also effectively ensured that the
output error always met the preset asymmetric constraint
conditions. Simulation results show that the proposed method
significantly improves the robustness and convergence
efficiency of the system, fully verifying the effectiveness and
engineering feasibility of the control strategy. This research
provides a solid theoretical support and feasible practical
solution for the performance optimization of the HSCS,
and has the potential for further application verification in
complex industrial scenarios.
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