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Abstract: Aiming at the influence of friction, leakage, noise and other nonlinear factors on the perfor-
mance of the electro-hydraulic servo system of a continuous rotary motor, a finite-time composite
controller for the aforementioned servo system is proposed. First, a mathematical model of the
electro-hydraulic servo system was analyzed, and the input and output angle data of the motor were
collected for system identification. Subsequently, the ARMAX identification model of the continuous
rotary motor system was obtained. Then, according to the observed advantages, namely faster capa-
bility of the finite-time controller (FTC) to converge the system, and ability of the finite-time observer
to reduce the steady-state error of the system, the finite-time controller and finite-time state observer
of a continuous rotary electro-hydraulic servo motor were respectively designed. Finally, comparison
with PID control simulation shows that the compound controller could effectively improve the control
accuracy and performance of the system.

Keywords: continuous rotary electro-hydraulic servo motor; ARMAX model; finite-time controller;
finite-time observer

1. Introduction

The continuous rotary electro-hydraulic servo motor represents the core instrument
in driving the hydraulic simulation turntable. The interference of oil-source pulsation,
friction, leakage and uncertain external factors in the system, makes it difficult to establish
an accurate mathematical model [1–3], that is unable to meet the control performance
requirements of continuous rotary electro-hydraulic servo motor systems. Thus, to enhance
electro-hydraulic servo motor performance, it is necessary to establish both a more accurate
model of the servo system and a more reasonable controller design that can withstand the
poorest of conditions. This challenge has become one of the main hotspots in research [4–6].

Aiming at the problems of nonlinear disturbance and parameter change in the electro-
hydraulic servo system, an adaptive fuzzy PID controller with online parameter adjustment
was designed in reference [7]. The researchers experimentally verified the effectiveness of
the controller, which was of great significance in improving the position control accuracy
of the parallel motion platform. In reference [8], the adaptive back stepping sliding mode
control algorithm was proposed in order to solve issues regarding external disturbances
on the system. Experiments showed that the controller had strong robustness and could
well realize the position control of the electro-hydraulic servo system. In reference [9],
in order to solve the uncertainty of the system and the disturbance caused by friction
torque, QFT (Quantitative Feedback Control) was applied to the motor position control
system; however, the influence of leakage was not considered. In reference [10], in order to
improve the position control precision of the branch chain of a parallel moving platform,
the adaptive inverse sliding mode control algorithm was proposed. This proposal aimed to
solve the influence of external disturbances on the position control system of the parallel
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moving platform and its branch chain. The experimental results revealed strong robustness
of the controller. To enhance the performance of PMSM and to reduce the influence
of parameter perturbation and other factors on the system, a nonlinear position tracker
was designed in reference [11], and the finite-time stability of the controller was proven.
In reference [12], the background, basic definition and judgment method of finite-time
control were described, and the control problems and controller design were thoroughly
investigated. In reference [13], according to neural network, sliding mode control theory
and control allocation technology, a finite-time composite control strategy was proposed
for the attitude control of an aerospace vehicle in the loading phase. The effectiveness of
the proposed control strategy was verified by simulation. In reference [14], a non-smooth
compound controller was designed to study the third-order saturated nonlinear system.
On the premise that the initial conditions of the system were known, the system state
gradually approached the equilibrium point. Simulation results showed that the algorithm
could improve the performance of the system. In reference [15], the problem of non-smooth
optimal control was studied, and the sufficient optimality conditions with or without
Lagrange multiplier were given, respectively. In reference [16], a non-smooth finite-time
control method was proposed to control the wheel steering angle, and the performance of
the controller was experimentally verified. In reference [17], an adaptive continuous non-
smooth partial-state feedback controller without hyper-parameterization was designed,
and the effectiveness of the method was demonstrated by simulation. In reference [18],
a compound controller was designed to eliminate the influence of disturbances on a
permanent-magnet synchronous motor. Through simulation and experimentation, it was
subsequently demonstrated that the controller could eliminate the influence of disturbances
on the motor system.

The finite-time control exhibits fast convergence and robustness and the motor system
is a nonlinear system with external interference. Therefore, employing the finite-time
control can effectively improve the performance of the motor. In order to improve the
continuous rotary motor electro-hydraulic servo system regarding better anti-interference
ability and convergence speed enhancement of the motor system, the finite-time controller
and finite-time state observer were employed to control the motor system on the basis
of system model identification. The finite-time controller was designed to improve the
convergence speed of the system, and the finite-time state observer was used to observe
the state of the system. The simulation results show that the controller is feasible for the
motor system and can improve system performance.

2. Transfer Function of Continuous Rotary Motor System

The schematic figure of the motor system is shown in Figure 1a. Oil is supplied by
the plunger pump, and then the motor is controlled by the electro-hydraulic servo valve.
When the motor begins operating, the hydraulic oil enters the oil inlet cavity 1 and 2 of the
oil distribution plate through the electro-hydraulic servo valve to promote rotation of the
motor blade. As the blade runs through the stator working area, the pressure of the relief
valve is adjusted to make the blade root enter the oil, as to balance the liquid pressure on
top of the blade. It is important to ensure that the motor blades maintain constant contact
with the inner wall of the stator to form a sealed cavity. When the blade runs to the curve
transition section in the stator, the oil in the oil chamber at the root of the blade and the oil in
the working chamber at the top are connected with a specific flow distribution mechanism
to prevent flow pulsation and to reduce friction between the blade and the stator.

2.1. Valve Port Flow Equation of Servo Valve

The linearized flow equation of the valve port of the electro-hydraulic servo valve is
established, and the Laplace transform is as follows

QL(s) = KqXv(s)− KcPL(s) (1)
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where, QL is the load flow of motor (m3/s), Kq is the flow gain of electro-hydraulic servo
valve port (m2/s), xv is the displacement of servo valve core (m), Kc is the flow pressure
coefficient of servo valve port (m3/(s · Pa)), and PL is the load pressure (Pa).
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Figure 1. A schematic figure and transfer function block diagram of the motor system.

2.2. Load Flow Continuity Equation of Motor

The load flow of the motor in working state consists of three parts: the flow required
by normal continuous rotation of the motor, the internal and external leakage loss caused
by friction and external interference, and the additional flow generated by oil compression.
Through Laplace transform, the following equation can be obtained.

QL(s) = Dmθ(s)s + CtmPL(s) +
Vt

4βe
PL(s)s (2)

where, Dm is the arc displacement of the hydraulic motor (m3/rad), θ is the angular dis-
placement of the hydraulic motor (rad), Ctm is the total leakage coefficient of the hydraulic
motor (m3/(s · Pa)), Vt is the total volume of the hydraulic motor, servo valve cavity and
connecting pipeline (m3), and βe is the effective bulk modulus of elasticity (Pa) of the
working oil.

2.3. Motor Torque Balance Equation

Ignoring the influence of nonlinear load factors such as static friction force, based on
Newton’s second law, the torque balance equation of the sum of motor torxes and load is
established, which can be written by Laplace transform.

Dm pL(s) = Jt
..
θ(s) + Bm

.
θ(s) + Gθ(s) + TL(s) (3)

where, Jt is the total moment of inertia of the motor and external load (kg·m2), Bm is
the viscous damping coefficient (N · m/(rad/s)), G is the spring stiffness of the load
(N ·m/rad), and TL is the load torque on the motor (N ·m).

2.4. Transfer Function of Valve Controlled Motor Power Mechanism

According to Equations (1)–(3), the total output angular displacement xv(s) of the
motor under the simultaneous action of spool displacement xv(s) and interference TL(s) can
be obtained as follows.

θ(s) =

Kq
Dm

xv(s)− K∞
D2

m

(
1 + Vt

4βeK∞
s
)

TL(s)

JtVt
4βeD2

m
s3 +

(
JtKce
D2

m
+ BmVt

4βeD2
m

)
s2 +

(
1 + BmKce

D2
m

+ GVt
4βeD2

m

)
s + GKce

D2
m

(4)
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where, Kce is the total flow pressure coefficient of valve controlled motor (m3/(s · Pa)).
In the connections of the hydraulic system, the motor and load are closely connected,

so the influence of load stiffness is ignored. In other words, Equation (4) is usually simplified
as follows.

θ(s) =

Kq
Dm

xv(s)− Kce
D2

m

(
1 + Vt

4βeKce
s
)

TL(s)

s
(

s2

ω2
h
+ 2ξh

ωh
s + 1

) (5)

where ωh is the hydraulic natural frequency (rad/s), ωh =
√

4βeD2
m

JtVt
is the hydraulic damp-

ing ratio (dimensionless), ξh = Kce
Dm

√
Jt βe
Vt

+ Bm
4Dm

√
Vt e
Jt β .

If the no-load flow of the servo motor is Q0 = Kqxv, the transfer function of the
motor output angular displacement to the no-load flow of the servo valve can be obtained
from Equation (5).

θ(s)
Q0(s)

=
1

Dm

s
(

s2

ω2
h
+ 2ξh

ωh
s + 1

) (6)

2.5. Transfer Function of Servo Amplifier

Usually, the frequency of the servo amplifier is much higher than the natural frequency
of the hydraulic system, so it is simplified as a proportional link.

Ka =
I(s)

U(s)
(7)

where, Ka is gain of amplifier (A/V).

2.6. Transfer Function of Electro-Hydraulic Servo Valve

The transfer function of the electro-hydraulic servo valve is as follows.

Gsv(s) =
Q0(s)
I(s)

=
Ksv

s2

ω2
sv
+ 2ξsv

ωsv
s + 1

(8)

where Ksv is no-load flow gain of servo valve (m3/(s · A)), ωsv is equivalent undamped
natural frequency of servo valve (rad/s), and ξsv is the equivalent damping coefficient of
the servo valve.

2.7. System Transfer Function of Continuous Rotary Electro-Hydraulic Servo Motor

The block diagram of the motor system is shown in Figure 1b, K1 is the transfer
function of the main controller.

The open-loop transfer function of the motor system can be obtained from Figure 1b.

GK(s) =
Kω2

hω2
sv

s5 + 2(ωhξh + ωsvξsv)s4 +
(
ω2

h + 4ωhξhωsvξsv + ω2
sv
)
s3 + 2

(
ω2

svωhξh + ω2
hωsvξsv

)
s2 +

(
ω2

hω2
sv +

K
K1

)
s

(9)

where, K is the open-loop gain of the system, K = K1KaKsv
Dm

.

3. Parameter Identification of Continuous Rotary Motor System

The initial frequency of the system input signal is 0.2 Hz, the peak to peak value is 2◦

and the frequency of the sweep signal increases by 0.2 Hz every four cycles. There is the
ARX model, ARMAX model, OE model, BJ model and state space model. In this paper, the
ARMAX discrete identification model is selected, which has the characteristics of strong
flexibility, strong anti-noise ability, and considers the influence of other variables [19].
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After the identification data are processed, the first 80 s identification data are used
for system identification, and the last 20 s data are used as model validation data. The
identification results are as follows.

G(s) =
1537.2

s3 + 21.13s2 + 391.56s+669.3
(10)

According to the identification data, the identification results of the continuous rotary
motor system are compared as shown in Figure 2. The fitting degree between the identifi-
cation results and the system identification output results is 87.76%. The same frequency
sweeping signal is used for frequency sweeping of the identified system, and the result
of frequency sweeping is compared with the actual identification result. A comparison
diagram of the frequency sweeping result and identification result is shown in Figure 3.
After calculation, the fitting degree between the frequency sweeping output and identifi-
cation output is 71.35%. Because the fitting degree between the frequency sweep output
and the identification output is more than 70%, the third-order model of identification is
considered to be feasible.

Electronics 2022, 11, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 2. Comparison of identification results. 

 
Figure 3. Comparison diagram of verification section. 

Where, ( )1 2 3, , Tx x x x=  is the state of the system, 1x θ=  is the rotation angle of the 

motor, 2x θ=   is the angular velocity of the motor, 3x θ=   is the angular acceleration 
of the motor, u is the output of the controller or the input of the motor system, and A, B, 
C and D are the motor parameter matrix. 

0 1 0
0 0 1

669.3 391.6 21.1
A

 
 =  
 − − − 

,
0
0
1

B
 
 =  
  

, [ ]= 1 5 3 7 .2 ,0 ,0C , 0D=  

4. Finite-Time Compound Control of Continuous Rotary Motor System 
In order to study the performance of the continuous rotary motor electro-hydraulic 

servo system and improve the convergence speed of the motor system, the finite-time 
controller and the finite-time state observer are designed for the composite control of the 
motor system. The control strategy diagram is shown as Figure 4. 

Figure 2. Comparison of identification results.

Electronics 2022, 11, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 2. Comparison of identification results. 

 
Figure 3. Comparison diagram of verification section. 

Where, ( )1 2 3, , Tx x x x=  is the state of the system, 1x θ=  is the rotation angle of the 

motor, 2x θ=   is the angular velocity of the motor, 3x θ=   is the angular acceleration 
of the motor, u is the output of the controller or the input of the motor system, and A, B, 
C and D are the motor parameter matrix. 

0 1 0
0 0 1

669.3 391.6 21.1
A

 
 =  
 − − − 

,
0
0
1

B
 
 =  
  

, [ ]= 1 5 3 7 .2 ,0 ,0C , 0D=  

4. Finite-Time Compound Control of Continuous Rotary Motor System 
In order to study the performance of the continuous rotary motor electro-hydraulic 

servo system and improve the convergence speed of the motor system, the finite-time 
controller and the finite-time state observer are designed for the composite control of the 
motor system. The control strategy diagram is shown as Figure 4. 

Figure 3. Comparison diagram of verification section.



Electronics 2022, 11, 1515 6 of 16

According to the identification results, the space state model of the motor system
is established. { .

x = Ax + Bu
y = Cx + Du

(11)

where, x = (x1, x2, x3)
T is the state of the system, x1 = θ is the rotation angle of the motor,

x2 =
.
θ is the angular velocity of the motor, x3 =

..
θ is the angular acceleration of the motor,

u is the output of the controller or the input of the motor system, and A, B, C and D are the
motor parameter matrix.

A =

 0 1 0
0 0 1

−669.3 −391.6 −21.1

, B =

 0
0
1

, C = [1537.2, 0, 0], D = 0

4. Finite-Time Compound Control of Continuous Rotary Motor System

In order to study the performance of the continuous rotary motor electro-hydraulic
servo system and improve the convergence speed of the motor system, the finite-time
controller and the finite-time state observer are designed for the composite control of the
motor system. The control strategy diagram is shown as Figure 4.
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4.1. Finite-time Controller Structure

For the system satisfying the condition in reference [20], the finite-time controller of
the motor system is designed by using the power integral method and the step-by-step
recursive method.

Step one: consider the first-order system of continuous rotary motor.

.
x1 = x2 (12)

By selecting the Lyapunov function V1(x1) =
x2

1
2 , the derivative of the system (12)

is obtained. .
V1(x1) = x1x2 = x1(x2 − x∗2) + x1x∗2 (13)

Let x∗2 be regarded as a virtual control law, and let η1 = x1/r1
1 be a virtual control law.

x∗2 = −k1ηr1+τ1
1 (14)

where, k1 is an appropriate normal number, τ1 ∈ (−1/4, 0), r1 = 1.
Substituting Equation (14) into Equation (13), the following equation can be obtained.

.
V1(x1) ≤ −3x2

1 + x1(x2 − x∗2) = −3η2
1 + η1(x2 − x∗2)

The second step is to construct the Lyapunov function for the second-order system of
the continuous rotary motor.

V2(x1, x2) = V1(x1) +
∫ x2

x∗2

(
ρ1/r2 − x∗1/r2

2

)2−r2−τ1
dρ (15)
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where, r2 = 1 + τ1.
The derivative of Equation (15) gives the following equation.

.
V2(x1, x2) = x1(x2 − x∗2) + x1x∗2 + x3

(
x2

1/r2 − x∗1/r2
2

)2−r2−τ1

≤ −3η2
1 + η1(x2 − x∗2) + x3η2

2−r2−τ1

η1(x2 − x∗2) 6 |η1||x2 − x∗2 | 6 |η1|
∣∣∣∣∣
(

x
1
r2
2

)r2

−
(

x∗2
1
r2

)r2
∣∣∣∣∣

6 21−r2 |η1| · |η2|r2 ≤ η2
1 + c1η2

2

(16)

where, c1 is the appropriate normal number. According to Equation (16), it can be
concluded that:

.
V2(x1, x2) ≤ −2η2

1 + c1η2
2 + x3η2

2−r2−τ1

η1(x2 − x∗2) 6 |η1||x2 − x∗2 | 6 |η1|
∣∣∣∣∣
(

x
1
r2
2

)r2

−
(

x∗2
1
r2

)r2
∣∣∣∣∣

6 21−r2 |η1| · |η2|r2 ≤ η2
1 + c1η2

2
.

V2(x1, x2) ≤ −2η2
1 + c1η2

2 + x3η2
2−r2−τ1

(17)

The virtual control law is set up as follows.

x∗3 = −(2 + c1)η
r2+τ1
2 = −k2ηr2+τ1

2 (18)

Substituting Equation (18) into Equation (17),

.
V2(x1, x2) ≤ −2

(
η2

1 + η2
2

)
+ (x3 − x∗3)η2

2−r2−τ1

The third step is to design the finite-time controller. Lyapunov function is constructed
as follows.

V3(x1, x2, x3) = V2(x1, x2) +
∫ x3

x∗3

(
ρ1/r3 − x∗1/r3

k

)2−r3−τ1
dρ (19)

where, r3 = 1 + 2τ1
It can be obtained by deriving along the Equation (19).

.
V3(x1, x2, x3) =

.
V2(x1, x2) +

.
x3

(
x3

1/r3 − x∗1/r3
k

)2−r3−τ1

=
.

V2(x1, x2) + ( f (x) + u)
(

x3
1/r3 − x∗1/r3

k

)2−r3−τ1

Making η3 = x3
1/r3 − x∗1/r3

3 , then,

.
V3(x1, x2, x3) ≤ −2

(
η2

1 + η2
2
)
+ f (x)η3

2−r3−τ1 + uη3
2−r3−τ1 (20)

According to reference [18], it can be seen that there is a derivable function.

f (x)η3
2−r3−τ1

≤ d(x)
(
|x1|

1+ τ1
r1 + |x2|

1+ τ1
r2 + |x3|

1+ τ1
r3

)
η3

2−r3−τ1

|x1|
1+ τ1

r1 +|x2|
1+ τ1

r2 + |x3|
1+ τ1

r3

≤ |η1|r1+τ1 + |η2|r2+τ1 + |η2|r3+τ1

+k1

r2+τ1
r2 |η1|r2+τ1 + k2

r3+τ1
r3 |η1|r2+τ1
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According to reference [20] and integrating the above formula.

f (x)η3
2−r3−τ1 ≤ |η1|2 + |η2|2 + c2|η3|2

|x1|
1+ τ1

r1 +|x2|
1+ τ1

r2 + |x3|
1+ τ1

r3

≤ |η1|r1+τ1 + |η2|r2+τ1 + |η2|r3+τ1 + k1

r2+τ1
r2 |η1|r2+τ1 + k2

r3+τ1
r3 |η1|r2+τ1

where, c2 is an appropriate normal number.
Let the control law be u = −k3ηr3+τ

3 + e, e is the input and output error of the system,
which can be obtained by substituting it into Equation (20).

f (x)η3
2−r3−τ1 ≤ |η1|2 + |η2|2 + c2|η3|2

.
V3(x1, x2, x3) ≤ −

(
η2

1 + η2
2
)
+ (c2 − k3)η3

2

The existence constants c2 and k3 satisfy c2 − k3 = −1, therefore,

.
V3(x1, x2, x3) ≤ −

(
η2

1 + η2
2 + η3

2
)

V3(x1, x2, x3) =
1
2 x2

1 +
∫ x2

x∗2

(
ρ1/r2 − x∗1/r2

2

)2−r2−τ1
dρ

+
∫ x3

x∗3

(
ρ1/rk − x∗1/rk

k

)2−rk−τ1
dρ

Based on the properties of integral, the following inequality holds as follows.

∫ x2
x∗2

(
ρ1/r2 − x∗1/r2

2

)2−r2−τ1 ≤ |x2 − x∗2 |
(

x2
1/r2 − x∗1/r2

2

)2−r2−τ1

≤ 21−r2 |η2|2−τ1 ≤ 2|η2|2−τ1

(21)

∫ x3

x∗3

(
ρ1/r3 − x∗1/r3

2

)2−r3−τ1 ≤ 2|η3|2−τ1 (22)

It is not difficult to prove that 1
2 x2

1 ≤ 2x2−τ is always true for ∀x ∈ R. By synthesizing
Equations (21) and (22), the follow formula can be obtained.

V3(x1, x2, x3) ≤ 2
(
|η1|2−τ1 + |η2|2−τ1 + |η3|2−τ1

)
⇒

V3(x1, x2, x3)
2

2−τ1 6 2
2

2−τ1

(
|η1|2 + |η2|2 + |η3|2

)
.

V3(x1, x2, x3) + 2−
2

2−τ1 V3(x1, x2, x3)
2

2−τ1 ≤ 0 (23)

It can be seen from reference [21] that the motor system is finite-time stable under the
action of control law u. In summary, the finite-time controller is designed as follows.

u = −k3

(
x

1
1+2τ1
3 + k2

(
x

1
1+τ1
2 + k1x1

))1+3τ1

+ e (24)

4.2. Structure Design of Finite-time Observer

The motor system is a real-time changing system, which needs to observe the state
variables. Therefore, the state variables are estimated through a model using the known
information. The output u of the controller and the output θ of the motor system are used
as the inputs of the state observer.{ .

x̂ = Ax̂ + Bu + He
θ̂ = Cx̂

(25)
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where, L1, L2 and L3 are appropriate constants,

f (x̂) = −669.3x̂1 − 391.6x̂2 − 21.1x̂3, e1 = x1 − x̂1, e =

 er2
1

er3
1

er4
1

, H =

 L1 0 0
0 L2 0
0 0 L3


It is assumed that there is a constant ε,τ2 ∈

(
− 1

4 , 0
)

, therefore,

| f (x)− f (x̂)| 6 ε

[
e

2+τ2
1−2τ2
1 + e

2+τ2
1−2τ2
2 + e

2+τ2
1−2τ2
3

]
(26)

Definition ei = xi − x̂i and i = 1, 2, 3 can be obtained from Equations (25) and (26).
.
e1 = e2 − L1er2

1
.
e2 = e3 − L2er3

1
.
e3 = f (e)− L3er4

1

(27)

where, f (e) = f (x)− f (x̂).
In order to make the finite-time observer of the motor system converge, it is necessary

to prove the existence of gain matrix L, which makes the system (27) converge in finite-time.
It can be seen from reference [22] that there is a Lyapunov function with a degree

of homogeneity of 2. By deriving the Lyapunov function along the system (27), it can be
concluded as follows.

.
V(e) ≤ −|e1|2+τ2 − |e2|

2+τ2
r2 − |e3|

2+τ2
r3 +

∂V
∂e3

f (e) (28)

According to literature [22], the following inequality can be obtained∣∣∣∣ ∂V
∂e3

∣∣∣∣ ≤ θ3

(
|e1|2−r3 + |e3|

2−r3
r2 + |e3|

2−r3
r3

)
(29)

According to the hypothesis in reference [20], it can be concluded as follows.
From Equation (2),

| f (x)− f (x̂)| 6 ε

[
e

2+τ2
1−2τ2
1 + e

2+τ2
1−2τ2
2 + e

2+τ2
1−2τ2
3

]

∂V
∂e3

f (e) 6 θ3

(
|e1|2−r3 + |e3|

2−r3
r2 + |e3|

2−r3
r3

)
ε

[
e

2+τ2
1−2τ2
1 + e

2+τ2
1−2τ2
2 + e

2+τ2
1−2τ2
3

]

6 θ0

(
|e1|2+τ2 + |e2|

2+τ2
r2 + |e3|

2+τ2
r3

)
where θ0 is an appropriate positive number. According to Equation (27), it can be concluded
as follows.

.
V(e) ≤ (θ0 − 1)|e1|2+τ2 + (θ0 − 1)|e2|

2+τ2
r2 + (θ0 − 1)|e3|

2+τ2
r3

Because there is a constant λ̂ > 0,

V(e) ≥ λ̂[e1 + e2 + e3]
2

In combination with reference [23], there is a constant µ.

− µV
2−τ2

2 (e) ≤ −µλ̂
2−τ2

2 [e1 + e2 + e3]
2−τ2 = −µV

2−τ2
2 (e)
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In combination with Equations (25) and (27), it can be obtained as follows.

V(e) + µV
2−τ2

2 (e) ≤ 0

It can be seen from the above equation that the system converges in finite-time.

4.3. Simulation of Finite-Time Compound Controller for Continuous Rotary Motor System

The finite-time compound control block diagram and PID control block diagram
of motor system are built in Simulink, as shown in Figure 5. In order to improve the
performance of the composite controller, the parameters of the controller and the observer
are adjusted by the “separation principle” according to the setting rules.
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Finite-time controller part: parameter directly affects the stability time of the system,
when τ1 is larger, the stability time of the system is shorter. When τ1 is small, the system
oscillates easily, parameters k1, k2 and k3 are similar to P control, and appropriate k1, k2 and
k3 can effectively improve the tracking accuracy of the system and reduce the static error of
the system. In this paper, the parameters of finite-time controller are: τ1 = −0.001, k1 = 300,
k2 = 186, k3 = 25.

Finite-time observer part: parameter τ2 is related to the stability of the observer
τ2= −0.1, L1= 2, L2= 2, L3= 2. Increasing the tracking performance of the system and
decreasing the tracking time will increase the stability time of the system. The value of each
parameter in this paper is τ2= −0.1, L1= 2, L2= 2, L3= 2.

4.3.1. Slope Signal Simulation

The slope signal with 0.001◦/s is used as the input signal to obtain the comparison
diagram of the simulation results between the finite-time composite controller and the PID
controller, as shown in Figure 6. In the figure, the solid line represents the ramp input
signal, the dotted line represents the output curve of the system under the action of the
PID controller, and the red dotted line represents the output curve of the system under
the action of the finite-time compound controller. As can be seen from Figure 6, under the
action of PID controller, the response time of the system is long and the response speed is
slow. Under the action of finite-time compound control, the response speed of the system is
fast, the tracking time is short, but there is a certain static error. Through the simulation of
slope signal, both controllers can achieve the desired low speed performance of the system.
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4.3.2. Sinusoidal Signal Simulation

The motor system is simulated with a sinusoidal signal whose amplitude is 1◦ and
frequency gradually increases, and the output comparison curves of finite-time composite
control and PID control are obtained as shown in Figures 7–13, where (a) is the sinusoidal
response curve and (b) is the single periodic response curve. The solid line is the sinusoidal
input signal at different frequencies, the dotted line is the output curve under the action of
finite-time compound control, and the red dotted line is the output curve under the action
of PID. Double ten index is used to measure whether the controller is effective, that is,
compared with the input signal, the amplitude deviation of the output signal of the system
is less than 10%, and the phase lag angle is less than 10◦. Through the sinusoidal signal
simulation of the motor system, the system tracking performance is shown in Table 1.
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It can be seen from Table 1 that with the increase of input signal frequency, the
amplitude error and phase error of the system increase much faster than the phase lag
under PID controller. Under the action of finite-time composite controller, the amplitude
error and phase error of the system increases slowly, and the phase error is greater than PID
control. According to the data in the Table 1, PID controller only meets the double ten index
when the sine frequency is 8 Hz, while the response frequency of the finite-time composite
controller can reach 14 Hz, which proves that the performance of the finite-time composite
control is better than that of the PID control. To sum up, the finite-time composite controller
broadens the frequency band of the system, and its control performance is better than
PID control.
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Table 1. Comparison chart of system performance with 1◦ amplitude.

Frequency (Hz)
Amplitude Error (%) Phase Error (◦)

PID FTC PID FTC

8 7.95 3.17 0.374 0.976
9 10.6 4.02 0.682 1.691
10 13.39 4.98 1.179 2.723
11 17.65 6.05 1.687 3.897
12 22.15 7.22 2.254 5.024
13 27.41 8.51 2.746 6.118
14 49.84 9.74 4.445 6.941
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5. Conclusions

In this paper, the finite-time composite controller of a continuous rotary motor electro-
hydraulic servo system is designed. Firstly, the mathematical model of continuous rotary
motor system is established, then the identification model of a continuous rotary electro-
hydraulic servo system is obtained, and finally the finite-time composite controller is
designed to control a continuous rotary electro-hydraulic servo system. By using the slope
signal of 0.001◦/s and sinusoidal signal with a different frequency as the input signal
to control the system, the simulation comparison with PID control shows that the finite-
time composite control can improve the low-speed performance of the system, broaden
the frequency band and effectively improve the performance of the system. The system
response frequency of the finite-time composite controller can reach 14 Hz, and the lowest
stable speed of the motor system is 0.001◦/s. In future research, the finite-time composite
controller can be used for the actual motor system where the experimental conditions are
permitted, and the controller effect can be further verified.
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