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Abstract: Aiming at the problems of low trajectory tracking accuracy, serious chattering and poor
robust performance of ball screw feed systems in traditional sliding mode control (SMC), in this paper,
a global nonsingular fast terminal sliding mode control (GNFITSMC) strategy based on improved
double power reaching law (DPRL) and extended state observer (ESO) is proposed. Firstly, the
system state variable is introduced into the power term of DPRL, so that the improved DPRL has
the characteristics of variable speed reaching, which solves the contradiction between the reaching
rate and the sliding mode chattering. Secondly, ESO is designed to observe the state of the system
and match the external disturbance to improve the anti-interference performance of the system.
Finally, GNFTSMC is designed for the ball screw feed system, and the global sliding mode factor
is introduced to improve the trajectory tracking accuracy of the system. The results show that
the proposed control strategy can effectively improve the tracking accuracy and anti-interference
performance of the system.

Keywords: ball screw; extended state observer; power reaching law; nonsingular fast terminal sliding

mode control

1. Introduction

The ball screw feed system is widely used in the fields of CNC machine tools and
mechanical processing transmission devices due to its high stiffness, smooth motion and
high transmission efficiency. In the process of high-speed machining of CNC machine
tools, the ball screw feed system needs to ensure that the workbench has a highly accu-
rate positioning ability to achieve a smaller tracking error. In actual working conditions,
many external uncertainties are often encountered, such as unmodeled parameter changes,
external disturbances and model uncertainties.

In view of the above problems, many advanced control methods have been proposed,
including neural network control [1-3], self-disturbance rejection control (ADRC) [4-6], model
predictive control (MPC) [7-10], fuzzy control [11-13], sliding mode control (SMC) [14-17]
and so on. SMC is widely used in ball screw feed systems, which has the advantages of
high control precision and fast dynamic response. However, the traditional SMC will cause
a high-frequency switching control signal after the system state variable reaches the sliding
mode surface, which makes it difficult for the system to slide strictly along the sliding mode
surface, thus causing the chattering problem of the system. This chattering phenomenon
seriously affects the stability and control accuracy of the control system [18].

Aiming at the inherent chattering problem in traditional SMC, the continuous satura-
tion function is used to replace the symbol function of traditional SMC, which can effectively
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reduce the chattering, but it will reduce the approaching rate and anti-interference perfor-
mance of SMC [19]. In Reference [20], an enhanced exponential reaching law is designed
based on the variable-speed direct-drive wind energy conversion system. The reaching law
can effectively reduce the chattering of the SMC and improve the control performance of
the system. In Reference [21], combined with hyperbolic sine function and power reaching
law, a combined power reaching law SMC method is proposed to adjust the reaching speed
at different stages. When maintaining the state of high-speed reaching rate of the system,
the system chattering is greatly reduced, but the control system has many parameters and
the adjustment is complicated.

In order to improve the robust performance of the system, the extended state observer
(ESO) is used to compensate the external disturbance in Reference [22], which eliminates
the uncertainty of the system model parameters and improves the robust performance of
the control system. In Reference [23], a terminal sliding mode (TSM) control method is
proposed, and a nonlinear function is introduced into the sliding mode surface. While
improving the response speed of the control system, it ensures that the system can converge
to zero in a finite time and improves the robust performance and tracking accuracy of the
control system. However, the introduction of the nonlinear term will cause the system to
have singular points near the equilibrium state. In order to solve this problem, a nonsingular
terminal sliding mode (NTSM) control method is proposed in Reference [24], which can
make the system converge in the effective time and avoid the singularity of the control.
However, the sign function will cause reaching law chattering, resulting in lower control
accuracy. In References [25-27], NTSM is designed to achieve high-precision tracking of the
control system, and ESO is used to compensate for the influence of external disturbances,
which solves the singularity problem of traditional TSM. However, the approaching speed
of the system needs to be improved when it is far away from the sliding surface.

In view of the above problems, this paper proposes a global nonsingular fast terminal
sliding mode control strategy for a ball screw feed system based on improved double power
reaching law. The main contributions of this study are summarized as follows.

(1) In DPRL, the state variables of the system are introduced, and the improved double
power reaching law (IDPRL) is designed, so that the reaching law can be adjusted
adaptively according to the state variables, and the improved double power reaching
law can effectively reduce the chattering.

(2) For the ball screw feed system, the global sliding mode factor is introduced into
NFTSMC to improve the robust performance of the system. At the same time, ESO is
designed to improve the anti-interference performance of the system.

(3) The stability of the control system is proved by the Lyapunov method. The control
strategy of IDPRL + GNFTSMC can obtain good anti-interference performance and
control accuracy under external disturbance.

The structure of this paper is as follows: The second section introduces the dynamic
model of the ball screw feed system. In the third section, IDPRL is designed to prove the
effective time reachability of the reaching law. In the fourth and fifth sections, the composite
strategies of ESO and GNFTSMC are designed for the ball screw feed system. In the sixth
section, simulation examples are used to verify the effectiveness of the control strategy. The
seventh section summarizes the work of this paper.

2. Dynamic Model of Ball Screw Feed System

As shown in Figure 1, the structure diagram of the ball screw feed system is shown.
As a mechanical transmission device, it is mainly composed of a servo motor, coupling, ball
screw and workbench. When the servo motor receives the output signal of the controller,
the rotational torque generated by the servo motor drives the coupling to drive the screw to
rotate. The ball screw and the workbench are connected by nuts, and the rotational motion
of the screw is converted into the reciprocating linear motion of the workbench [28-30].



Actuators 2024, 13, 423

30f18

Servo
driver

1

1

1

1

1

1

1

1

1

:

1

! Rotational
! . : I . .
: displacement i, Coupling Ball screw Nut Right bearing
1

1

1

1

1

1

1

1

1

1

1

1

1

Control i
\\. voltage e A e il St S S
Linear
displacement

Motion PC
control card visual studio

Time s‘ ’
Figure 1. Structure diagram of ball screw feed system.
The state space expression of the ball screw feed system is [31]:

z=Az+ Bu+Wd
y=Cz

0 1 0 0 10
. E 7 B = KaKtT’ 7 W - _ rg 7 C - |: :|
0 7 ] [ T g] [ T 01
where B is the viscous damping coefficient of the ball screw feed system. | is the equivalent
rotational inertia of the system. Kj is the current amplification gain, K is the motor torque

constant. r¢ is the ball screw pair transmission ratio.
Convert (1) into a second-order system expression:

X1=XQ K (2)
iy = — By + KKy g

)

where x; is the linear displacement of the ball screw, x; is the linear velocity of the ball
screw, d is the external uncertainty disturbance.

3. Design and Analysis of Improved Double Power Reaching Law
3.1. Design Improved Double Power Reaching Law

In the sliding mode control system, the existence of the chattering problem seriously
hinders the stability of the control system. In order to improve the stability and control
accuracy of the system, designing a reasonable reaching law has become an effective
solution. The design of the reaching law needs to comprehensively consider the bal-
ance between chattering suppression and system response speed to achieve the best
control effect.

The exponential reaching law (ERL) can be expressed as

s1 = —kysgn(s) — kas 3)

where k1, ky > 0, 5 is the sliding surface.

In ERL, increasing the exponential coefficient can effectively shorten the time for the
system to reach the sliding mode surface, but the existence of the switching function will
cause system chattering.

The double power reaching law (DPRL) can be expressed as

s = —k|s|"sgn(s) — kz‘s‘ﬂsgn(s) (4)
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where k1,k; > 0,y > 1,0 < B < 1. It can be seen from Equation (4) that when s = 0, the
system can be stabilized at the equilibrium point. When |s| > 0, the switching gain of the
power term can make the state variable approach the sliding mode surface quickly, which
greatly improves the approaching speed of the system. When |s| approaches 0, the power
term of DPRL makes the switching gain of the system smaller when it is close to the sliding
surface, which effectively weakens the chattering. However, when DPRL approaches the
sliding surface, it cannot adaptively change the coefficient of the power term to further
reduce the chattering.

By introducing the system state variables, the reaching law can adaptively adjust the
reaching speed, which can effectively reduce the chattering.

The state variables exponential reaching law (SVERL) can be expressed as

§ = —k|s|"sgn(s) — kzlsyﬁsgn(s) — k3|x|s (5)

When |s| > 0, compared with DPRL, SVERL adds k3|x|s to improve the approaching
speed of the system when it is far away from the sliding surface. When |s| approaches 0,
the state variable can adaptively adjust the approaching speed, which effectively reduces
the chattering. However, the addition of the exponential term also increases the control
gain of the system and reduces the transient response performance of the system.

Combining the above two power reaching law analyses, this paper proposes an
improved double power reaching law (IDPRL) that introduces system state variables

] 4 s|=1 6
T= 1 ps< 1 (©)
_ 1
B=0— 33
where tlim x|=0,0>0,A>1,6>1,kq,ky, k3 > 0. Select the appropriate o and A, so that
— 0
0<p<l.

When the system state condition is |s|> 1, Equation (6) can be written as
§ = —ki|s|,sgn(s) — ka|s|gsgn(s) — k3s, and the approaching speed of IDPRL is greater
than that of DPRL and SVERL when it is far away from the sliding surface. When the system
state condition is [s|< 1, Equation (6) can be written as § = —k;|s|sgn(s) — kz|s|gsgn(s) — kss,
and f can be adaptively adjusted with the state variables to effectively reduce the system
chattering. The exponent term k3s can improve the approaching speed of the reaching law
and ensure the motion quality of the system state when approaching the sliding surface.

Select the Lyapunov function

V:%? 7)

According to the Lyapunov theorem,

V=s5= s[—klls‘wsgn(s) - kz‘s‘ﬁsgn(s) — k3s] ®)
< —ka|s|y41 — kals| g1 —ks3s? <0

According to the Lyapunov stability condition, only when s = 0, satisfying ss = 0,
can the system asymptotically converge to the sliding mode surface under the action of
Equation (6).

3.2. Proof of Finite-Time Reachability of Reaching Law

For IPDRL, the initial state of s is set to s¢, then the sliding mode variables s and s can
reach the sliding mode surface in a limited time, and the convergence time of the reaching
law is less than T7 + T:
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1 k3(7_1)[ ( k3) (so kg)] )
1 k k
Th=—— [nG"P+-2)—In(1+ 32 10
2= oG P ) (2] (10)

Proof. Assume that the initial state of the system s(tp) > 1, the system approach process is
divided into two stages for calculation.
The reaching time of the sliding mode variable sy to s(t;) = 1is T; and Equation (6)
can be written as:
s = —k157 — sz‘B — k3$ (11)

where 0 < B < 1,7 > 1, —k1s7sgn(s) and —k3s play a leading role when away from the
sliding surface, so Equation (11) is decomposed into s + kys7 = —kzs. s + kys7 = —k3s
denotes that the approach time of the system is only affected by —k;s7sgn(s) and —kss. It
can be seen that the approaching time of Equation (11) must be less than the solution of

Equation s + k57 = —k3s. The solution process of Equation (11) is as follows:
ds
Y2 — _fy — ka7
dr k1 k3$ (12)

The intermediate variables z = s'~7, z = s'~7 can be transformed into % =[1—7]s77

dz _ dzds ds .
and 3 = F ;- 7 can be expressed as:

ds - —1_y dz
S-S (13)
Substituting (13) into (12),
dz
3 T lksz = —ki[1 =] (14)
Solving Equation (14),
z=e JO-kdt[C) ¢ [ef(U=Dhsdl . k(4 —1)]
k
= e JU-ksdt[c, ée(l—v)ht] (15)
— Cre- -kt _ K1
ks
where Cy is a constant.
Substituting (15) into z = s,
s177 = Cpe~ (-t _ key (16)
k3
When t = 0, s = s, then the constant C; can be obtained,
1y, k1
Ci =5, Ty ks 17)
Combined with formula (16), the solution of the equation s + k1s7 = —k3s can
be obtained,
1 k _ k
T, = [In(s'=7 + —1) - ln(sg) 7y )] (18)

ka(y—1) ks ks
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The reaching time of the sliding mode variable sy to s(t;) = 1 is less than Tj. Similarly,
when the system is close to the sliding surface, the time required for the reaching law must
be less than the solution of the equation s + kosP = —k3s. The time required for the sliding
mode variable s(#;) = 1 to reach s(t;) = 0 is:

B 1
Cks(B-1)

For IPDRL, the sliding mode variable can reach the sliding mode surface in a limited
time, and the convergence time is less than T; + Tp. O

[In(s'=F + E) —In(1+ =) (19)

T ks

3.3. Analysis of Convergence Characteristics of Improved Double Power Reaching Law

Consider second-order nonlinear systems with disturbances:

561 = X7
. 20
Vi = 709 T gt s a 20)
where x1, x is the system state, d is the external disturbance, u is the control input.
The initial state of the system is set to [—0.1, —0.1], d(t) = 10sin(7t), f(x,t) = 25x.

The reaching law parameters selected in this paper are: k1 = ko = 30,6 =2, § = 0.5. Four
reaching laws of EAL, DPRL, SVERL and IDPRL are used to design the control law. The
second-order system is simulated to verify the effectiveness of the reaching law proposed
in this paper.

Figure 2 shows the control performance effect diagrams of EAL, DPRL, SVERL and
IDPRL. It can be seen from Figure 2a that ERL has a large chattering compared with the
other three reaching laws, which seriously affects the stability of the control system. From
Figure 2b,c, DPRL and SVERL can effectively reduce chattering compared with ERL, but
the system state approaches the sliding mode surface. In the process, the control law will
switch, the control input of the system will change between multiple states and the phase
trajectory is not smooth enough. It can be seen from Figure 2d that the IDPRL proposed
in this paper has a faster reaching speed than DPRL and SVERL when it is far away
from the sliding mode surface and can reach the sliding mode surface faster. When the
external disturbance is added, the reaching law cannot converge to the equilibrium point
but converges to the interference steady-state region of the system. The above simulation
verifies the effectiveness of the proposed reaching law.
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4. Design and Analysis of Extended State Observer
The second-order system is defined as:
jCl = X7
xp = f(x1,x2) +b(x1, x2)u + F(x1, x2) 1)

x3 = F(x1,x2)
y=x1

where F(x1,x7) is the external interference of the system, F(x1,x) has a known upper
bound, |F(x1,x2)| < F(x1,x2), F(x1,x7) is derivable, u is the control input.

In order to improve the robustness of the control system, ESO is designed to estimate
the state of the disturbance.

KaKirg (22)

t

(
2y(t) = z3(t) — age(t) — Foxa + =5 u(t)
23 (

When the system is disturbed by the outside world, ESO can estimate the state
variables of the system by properly selecting the gain coefficient to improve the anti-
interference performance of the system [32,33].

The error state equation of ESO can be expressed as

epso = Aegso + BF (23)
A and B can be expressed as
ay 1 0 0
A=|a, 0 1|,B=10 (24)
a3 0 0 -1

The characteristic equation of matrix A is

/\+H1 -1 0
AMI—Al=| aa A —1|=0 (25)
as 0 A

According to Equation (25), we can obtain
A(s) = s® + a15® + aps + a3 (26)

In order to reduce the parameters required for the design and ensure a better transition
process, the characteristic equation is converted into

Als) = (s +wp)’ (27)
a1,ap and a3 can be expressed as
a1 = 3wy, ar = 3w3, as = wg (28)

According to Equation (28), choosing reasonable control parameters can make A
Hurwitz matrix and ensure the stability of ESO.

5. Global Nonsingular Fast Terminal Sliding Mode Control

For the ball screw feed system, a global nonsingular fast terminal sliding mode con-
trol strategy is designed in this paper. In Figure 3, the global nonsingular fast terminal



Actuators 2024, 13, 423

9of 18

Reference
trajectory

sliding mode control frame diagram based on the improved double power reaching law is
shown [34].

nonlinear
disturbance
[*s
Extended
i state
observer
€1
X 1p pr X 3p
X;;C\ Nonsingular | ¢ Improved | . o | ballscrew | x;
-~ fast terminal —{ double power Control law feed drive |
- +¥ sliding mode reaching law system -
w
e1(0)
—  Global
o g(t)
e2(0 sliding mode
factor

Figure 3. GNFTSMC framework based on IDPRL.

The tracking error of the ball screw feed system is defined as:

€1 = X1 — Xr (29)
€ = él = X2 —5Cr

where x; is the reference displacement of the system, ¢; is the displacement error of
the system.

According to the design requirements of the controller, the global nonsingular fast
terminal sliding mode surface is defined:

s=e + u|el|m/” sgn(er) + b|e2|7’/" sgn(ex) — g(t) (30)

wherea > 0,b > 0. m, n, p, q are all positive odd numbers, and 1 < p/q <2, m/n > p/q,
g(t) is the global sliding mode factor.

The global sliding mode factor needs to satisfy the following three conditions
simultaneously:

(1) 8(0) =e1(0) +aler (0)]"" +blea (0)]7;
(2) When t approaches infinity, g(t) approaches 0;
(3) g(t) can be differentiated.

Condition (1) can ensure that the initial state of the system is located on the sliding
surface; condition (2) can ensure that when the system state moves on the sliding surface,
the system state tends to be stable; condition (3) means that the existence of sliding mode
can be guaranteed. The global sliding mode factor is introduced into the nonsingular fast
terminal sliding mode surface, and the system state can quickly converge to the sliding
mode surface, which solves the problem of poor robustness of the traditional NFTSMC in
the reaching stage.

The global sliding mode factor can be expressed as a monotonically decreasing function:

g(t) =g(0)e (31)

where ¢ is a constant, and g(0) is the function value of the global sliding mode factor at the
initial time.
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The derivation of (30) can be obtained:
. am _ b 1.
s:e2+7|e1|m/” 1ez+?p|62]”/‘7 ey — g(t) (32)
When s = 0, the sliding mode equivalent control law can be obtained:
o = g7t gl (1 S e sgn(en) — (0] @)
KaKtrg J
The switching control law can be obtained by using IDPRL:
Usw = — / [k1|s|ysgn(s) + ka|s|gsgn(s) + k3s] (34)
KaKirg & 1717 P
The control law of GNFTSMC based on IDPRL can be expressed as:
U= Uy + Ueg = —Ka%trq[kﬂsﬂsgn(s) +kas|Psgn(s) + kas — ?xz—i- 35)

<.

r—"\

bp

KN

leal? 7 (14 ey "/ ) sgn(ea) — ()]

In order to verify the stability of GNFTSMC, the Lyapunov function is defined:

12
= 3S

The derivation of (36) can be obtained:

55 =s(e2+ Lo """ ey + Lleof /1o, — g(1)
= s{ (14 @jes """ )er + e W =ibey P71+ e/ n1) — ko fs[7sgn(s) — kalslPsgn(s) — kss] |

lea| P/ s[—ky |s| Tsgn(s)

" kalslFsgn(s) — ks

N e TN N

(36)

(37)

When b is a positive real number, p and g are positive odd numbers. If 0 < p/gq < 1,
then p/q —1 < 0. Whene; = 0, e; # 0, the controller has a singular problem. Therefore,
1<p/qg<2then0 <p/g—1<1,and m/n > p/q, avmdmg the singular problem

of the controller, when e; # O, bp |e P /11, satisfying V < 0. In summary, the

system will reach the sliding mode surface in a finite time, and the controller satisfies
Lyapunov stability.

6. Simulation Verification and Analysis

In order to verify the effectiveness of IDPRL and GNFTSMC, the ball screw feed
system model established in the second section is used for simulation verification. The
model parameters of the ball screw feed system are shown in Table 1.

Table 1. Model parameter values.

Model Parameter Numerical Value Unit
Moment of inertia | 5.05 x 1073 kg - m?
Viscous-damping coefficient B 5.75 x 1073 kg -m?.s71
Transmission ratio r¢ 32x1073 m-rad~!
Current torque coefficient K; 2.1 Nm-v—1
Current gain coefficient K, 1.15 Nm- V-1

In order to further verify the effectiveness of the proposed control strategy, the follow-
ing four controllers are selected as simulation comparison experiments.
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(1) Controller 1 (C1): The servo controller combining NFTSMC and DPRL is adopted,
and ESO is designed to compensate the uncertainty and external disturbance of the
model. The controller parameters are selected as follows: v = 3, § = 0.45, k; = 100,
ko =120,m/n =5/3,p/q ="7/5 and wy = 500.

(2) Controller 2 (C2): In order to form a set of comparative simulation experiments with
C1, the effectiveness of GNFTSMC is verified. A servo controller combining IDPRL
and GNFTSMC is used. The controller parameters are the same as C1. The global
sliding mode factor is taken according to the initial state of the system.

(3) Controller 3 (C3): In order to compare the influence of SVERL on system control
performance, a servo controller combining SVERL and GNFTSMC is adopted.

(4) Controller 4 (C4): C4 uses a controller that combines IDPRL and GNFTSMC. ESO
compensates the model uncertainty and external disturbance. The global sliding mode
factor coefficient c = 5, and the selection of other controller parameters is consistent
with the other three control strategies.

Common error performance evaluation indicators include ISE, IAE, etc. In order to
measure the gap between the actual tracking trajectory and the reference trajectory, this
paper uses the ISE error performance evaluation index to reflect the fitting accuracy of
the tracking trajectory by calculating the integral of the error square value to time. The
expression of ISE is:

oo 2
Jise = /0 (e(k)) dt (38)

The ball screw feed system needs to perform accurate motion control according to
the preset reference trajectory during the motion process. The selection of the reference
trajectory is crucial for achieving high-precision tracking performance and smooth motion
contour. When selecting the reference trajectory, the S-shaped motion curve is often used to
achieve a smooth change in speed. However, there are discontinuous points in the S-shaped
motion curve. This discontinuous point will cause the jump to mutate at a certain moment,
resulting in flexible impact and mechanical vibration, which will affect the stability of
the system. In order to solve the problems caused by the S-shaped motion curve, the
quintic spline displacement curve can be used as the reference trajectory. The quintic
spline curve has a continuous third-order derivative, which can ensure the smoothness and
continuity of the jump curve of the feed system. Such characteristics can avoid structural
vibration caused by sudden acceleration changes and improve the stability of the system.
The reference trajectory acceleration equation used in this paper is expressed as [35]:

~28(t 1)+ (t—t)* e o]
1 1
B(t-0)-A(t-0)+A  te[ht)
T3 T3
+0p) —
At =1 0 b [t ta] 39)
3 2
A —t) - Bt -t e [ty 15
_A t € [ts, tg)
3 2
Bt + (1) A et 1]

In order to reduce the influence of the mechanical stress and vibration of the ball screw
feed system on the tracking accuracy and achieve a more stable speed change of the system,
the acceleration constant is taken as A = 1 m/s, and the time interval is taken as 0.5 s. The
speed and displacement curves of the ball screw feed system are obtained by one integral
and two integrals. The reference displacement and reference speed of the ball screw feed
system are input, and the obtained tracking curve and error are shown in Figure 4.
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From Figure 4a,b and Table 2, it can be seen that the displacement error performance
evaluation function value of DPRL + GNFTSMC is 2.819, which is 14.81% higher than that
of DPRL + NFTSMC. It is proved that the global sliding mode factor can effectively improve
the tracking accuracy of the system. The maximum error values of DPRL + GNFTSMC
and SVERL + GNFTSMC are 32.021 um and 35.824 pm, respectively. Although SVERL can
reduce the chattering of the system, it will increase the maximum error value of the system.
The displacement error performance evaluation function value of IDPL + GNFTSMC is
only 1.371, which is 36.40%, 51.37% and 58.57% higher than that of SVERL + GNFISMC,
DPRL + GNFTSMC and DPRL + NFTSMC, respectively. IDPL + GNFTSMC maintains high
tracking accuracy in each period of forward feed.

Table 2. Tracking displacement performance index.

Controller Maximum Error Value = Minimum Error Value Average Error Value Jise
DPRL + NFTSMC 32.434 0.163 14.947 3.309
DPRL + GNFTSMC 32.021 0.148 14.623 2.819
SVERL + GNFTSMC 35.824 0.123 15.076 2.157
IDPL + GNFTSMC 30.637 0.004 13.376 1.371

It can be seen from Figure 4c,d and Table 3 that the speed error performance evaluation
function value of IDPRL + GNFTSMC is only 22.802, which is 40.02%, 61.56% and 69.46%
higher than that of SVERL + GNFTSMC, DPRL + GNFTSMC and DPRL + NFTSMC, respec-
tively. IDPRL + GNFTSMC effectively reduces the chattering of the system and improves
the tracking accuracy of the system, which verifies the effectiveness of IDPRL + GNFTSMC.

Table 3. Tracking speed performance index.

Controller Maximum Error Value = Minimum Error Value Average Error Value J1se
DPRL + NFTSMC 1364.811 0.279 698.240 74.661
DPRL + GNFTSMC 1333.473 0.255 657.233 59.324
SVERL + GNFTSMC 1456.667 0.246 745.336 38.019

IDPL + GNFTSMC 1086.923 0.008 491.603 22.802
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In order to improve the anti-interference of the system, it is necessary to simulate
the influence of external interference on the tracking accuracy of the system to ensure the
performance and reliability of the system in complex environments. In the control process,
a nonlinear disturbance f = 0.8sin(107tt) cos(107tt) is added, as shown in Figure 5, which
is a tracking trajectory diagram using ESO to observe nonlinear disturbances.
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Figure 5. Nonlinear interference observation curve.

It can be seen from Figure 5 that ESO can estimate the external disturbance of the
system in real time, so as to effectively offset these uncertainties in the controller design and
achieve accurate control of the system output. When the external interference f is added,
the reference displacement and reference speed of the ball screw feed system are input, and
the tracking curve and error are shown in Figure 6.
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It can be seen from Figure 6a,b and Table 4 that after adding external interfer-
ence, the average displacement error of IDPL + GNFTSMC is only 14.047 um, which is
15.14%, 15.93% and 16.83% lower than that of DPRL + GNFTSMC, DPRL + NFTSMC
and SVERL + GNFTSMC.

Table 4. Tracking displacement performance index when adding interference.

Controller Maximum Error Value = Minimum Error Value Average Error Value Jise
DPRL + NFTSMC 34.131 0.740 16.709 4.041
DPRL + GNFTSMC 33.131 0.602 16.554 3.677
SVERL + GNFTSMC 37.985 0.533 16.890 3.209
IDPL + GNFTSMC 31.906 0.204 14.047 2.024
It can be seen from Figure 6¢,d and Table 5 that the speed error performance evaluation
function value of IDPRL + GNFTSMC is only 31.009 after adding external interference.
Compared with DPRL + GNFTSMC, DPRL + NFTSMC and SVERL + GNFTSMC, it is
increased by 55.59%, 64.37% and 65.01%, respectively. The simulation results show that
IDPL + GNFTSMC can suppress external disturbances and improve the robustness of
the system.
Table 5. Performance index of tracking speed with interference.
Controller Maximum Error Value = Minimum Error Value Average Error Value Jise
DPRL + NFTSMC 1391.071 15.055 758.063 87.041
DPRL + GNFTSMC 1360.680 17.124 685.976 69.819
SVERL + GNFTSMC 1483.268 9.214 813.335 88.615
IDPL + GNFTSMC 1116.479 2.518 559.319 31.009

7. Conclusions

Aiming at the dynamic model of ball screw feed system, an improved double power
reaching law is designed in this paper. It is proved that the reaching law can reach
the sliding mode surface in a finite time. The ESO is used to compensate the external
disturbance, and the global sliding mode factor is introduced into the NFTSMC. The
composite control strategy of IDPRL + GNFTSMC is proposed, and the stability of the
control strategy is analyzed by Lyapunov theory. The simulation results show that IDPRL
can greatly reduce the chattering of SMC. When external interference is added, the proposed
IDPRL + GNFTSMC has better tracking accuracy and robust performance.
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