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Abstract: This paper proposes a command filtering backstepping (CFB) scheme with full-state
constraints by leading into time-varying barrier Lyapunov functions (T-BLFs) for a dual-motor servo
system with partial asymmetric dead-zone. Firstly, for the convenience of the controller design, the
conventional partial asymmetric dead-zone model was replaced with a new smooth differentiable
model owing to its non-smoothness. Secondly, neural networks (NNs) were utilized to approximate
the nonlinearity that exists in the dead-zone model, improving the control performance. In addition,
CFB was utilized to deal with the inherent computational explosion problem of the traditional
backstepping method, and an error compensation mechanism was introduced to further reduce
the filtering errors. Then, by applying the T-BLF to the CFB process, the states of the system never
violated the prescribed constraints, and all signals in the dual-motor servo system were bounded.
The tracking error and synchronization error could converge to a small desired neighborhood of the
origin. In the end, the effectiveness of the proposed control scheme was verified through simulations.

Keywords: dual-motor servo systems; robot; neural networks; full-state constraints; time-varying
barrier Lyapunov functions; command filtering backstepping

1. Introduction

Over the past few decades, tracking control of motors have attracted considerable
attention in the field of control theory and engineering [1-5]. Compared to dual-motor
systems, it is difficult to satisfy the precision requirements of large inertia loads owing to the
limited power of single motor systems. Therefore, dual-motor systems have recently been
proposed and utilized in various applications [6-10] because of their advantages of high
power, large inertia, and high-control performance. With the widespread usage of robots,
especially industrial and agricultural robots, such as automatic assembly manipulator
and high-precision automatic gantry hammock, large load and high-power application
requirements are proposed. Thus, it is necessary to explore the control schemes of dual-
motor systems for enabling robots or other control systems with large inertia to operate
effectively. However, due to the complexity of dual-motor models, dealing with the
nonlinearity and designing the control scheme for the systems brings great challenges.

It is universally acknowledged that backstepping technology is an effective tool for
handling nonlinear dynamics. However, the controller design is complex when using
traditional backstepping in dual-motor systems, and there also exists the problem of com-
putational explosion. Thus, dynamic surface control (DSC) was introduced to overcome
the drawback of “explosion of complexity”. In [11,12], the control methods for permanent
magnet synchronous motors (PMSMs) were investigated. Dynamic surface control was
utilized based on adaptive fuzzy logic (AFL) and NN, respectively, which resolved the

Sensors 2021, 21, 4261. https://doi.org/10.3390/s21134261

https://www.mdpi.com/journal/sensors


https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://doi.org/10.3390/s21134261
https://doi.org/10.3390/s21134261
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s21134261
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s21134261?type=check_update&version=2

Sensors 2021, 21, 4261

20f18

computational explosion problem, and the desired dynamic performance was achieved.
The authors of [13] combined DSC with AFL in induction motors, guaranteeing that the
closed-loop signals were bounded, and the tracking error converged to a small neighbor-
hood of the origin. However, the problem of errors arose from the first-order filters, which
was not considered in DSC, and which affected the control property. At the same time,
they took no account of introducing an error compensation mechanism to obtain a better
control performance for the controlled systems. Fortunately, a CFB approach was presented
in [14-17] to solve the same problem, and the error compensation was also introduced to
cope with the drawbacks of DSC. Thus, the computational burden of the design process
was reduced, and the tracking error decreased. Fuzzy finite-time CFB was developed for
position tracking control of induction motors with input saturation [15]. It guarantees the
convergence of the tracking error in finite time and improves the dynamic performance of
the control system. In [17], AFL via CFB was proposed for uncertain strict-feedback nonlin-
ear systems with unknown non-symmetric dead-zone input signals. The aforementioned
research was mainly focused on single motor systems or a class of nonlinear systems but
is rarely applied to dual-motor systems. Although the above schemes have shown good
control performances, they are not able to tackle the control problem when there are state
or output constraints.

Obviously, severe performance degradation and safety problems or other problems
can be caused by violation of these constraints. Constraints are widespread in most physical
systems, and many methods have also been discussed to guarantee the stability and good
control performance for various kinds of systems with the state or output constraints.
Barrier Lyapunov functions (BLFs) have been proposed and used in the controller design of
various systems to tackle the state constraints such as spacecraft [18], uncertain robot [19],
hypersonic flight vehicles [20], and robotic manipulators [21]. For robot manipulators,
a tracking controller considering the output error constraints was developed. It was
guaranteed that the system could remain stable by using the bounded BLF when the output
errors exceeded the constrained boundaries [21]. In this research, full-state constraints
were handled using BLF, guaranteeing the uniform ultimate boundedness of the closed-
loop system, and the constraints were never violated. Output constraints also became
front-line research for researchers. The authors of [22,23] combined BLF with NNs to tackle
the output constraint of a robotic manipulator with uncertainties and input dead-zone,
respectively. In [24], the same methods were used to solve multiple output constraints
for a fully actuated marine surface vessel. But in the abovementioned literature, constant
constraints were adopted. In fact, in many practical situations, time-varying constraints are
more realistic because of various changing factors. The integral barrier Lyapunov function
(IBLF) was used in control design to guarantee the condition of output constraints for an
uncertain 2-DOF helicopter system [25]. In [26], a control design without constraint and
full-state constraint was considered, and IBLF was introduced to avoid the violation of the
constraint. For a class of nonlinear strict-feedback systems with uncertain parameters, the
asymmetric T-BLF was applied in each step of the backstepping approach to handle the full-
state constraints in [27]. To sum up, driven by theoretical challenges and practical needs,
the design scheme of constrained control has become a significant research topic. Thus, it
is meaningful to consider the dual-motor servo system subject to full-state constraints.

Being universal approximators, fuzzy logic systems (FLSs) have been applied to
identify the nonlinear terms in controller design [28,29]. For NNs, many outstanding
results have also been given in various systems [30-37]. A new adaptive funnel controller
based on the backstepping method was designed for the servo mechanism with friction
in [31], and the nonlinear parts were approximated by NNs. In [33], the design of NNs
using a broad learning framework was given. An adaptive neural controller was developed
to ensure the tracking performance in the robot system with uncertainties [34]. In a robot
learning system, NNs were used to deal with the effects of dynamic environments [36].
Similar to aforementioned literature, NNs were adopted to identify nonlinear functions in
this paper.
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However, to the authors’ best knowledge, there are few related studies regarding
adaptive NNs based on CFB for a dual-motor servo system. On the other hand, the output
and state constraints for various systems have become a hot research topic. This motivates
the present study. Taking these factors into account, adaptive NNs based on CFB for the
dual-motor servo system with full-state constraints was investigated in this paper.

In this paper, the nonlinearity was handled by CFB and adaptive NNs, which gives a
systematic scheme to solve the nonlinear issues. The T-BLF was employed to tackle the
full-state constraints of the dual-motor servo system. The simulation results prove that the
whole control scheme improves the control performance of the system. Thus, the main
contributions of this paper are summarized as follows:

(1) The mathematical model of the dual-motor servo system with the partial asym-
metric dead-zone was re-established. The T-BLF was utilized to cope with the full-state
constraints in the system so that the states were never transgressed;

(2) By using CFB, the issue of “explosion of complexity” that arises from the traditional
backstepping in the dual-motor system was solved, and the error compensation mechanism
introduced can effectively reduce the filtering errors to gain a smaller tracking error. It can
be proved that the tracking error can converge to a small neighborhood of the origin;

(3) In dual-motor servo systems, adaptive NNs are used to approximate the nonlinear
parts, improving the control precision of the system. By constructing suitable virtual controllers,
the synchronization error eventually converges to a small neighborhood of the origin.

The remainder of this paper is organized as follows. The system descriptions and
preliminaries in Section 2. The controller design in Section 3. The stability analysis is given
in Section 4. Section 5 provides simulation results that illustrate the effectiveness of the
proposed control scheme. Finally, the conclusions are drawn in Section 6.

2. System Descriptions and Preliminaries

Consider the dynamic model of the dual-motor servo system with partial asymmetric
dead-zone in the following form:

( ) = ( )
mj(t) = wmj(t)
(f) [De ﬂd(9l) + Dead(62)]/]r — brwr(t)/]L @
wj(t) = [Kt] ij(t) — Dead(0;)]/ Jmj — bjwmi () / Jmj
ij(£) = [~ Ryij(t) — Kejewj(£) + U;(1)] /L,
where the subscript j(j = 1,2) represents different groups of motor parameters, and
Omj, Wmj, Ktj, Kej, Tmj, bj, ij, Rj, Lj, U; are the angular position, angular velocity, electromag-
netic torque constant, back electromotwe force constant, inertia, viscous friction coefficients,
current, resistance, inductance, and the control voltage of each motor, respectively. The
angular position, angular velocity, inertia, and viscous friction coefficient of the load are
converted to the motor shaft as 6;,wy, Ji, by. The structure diagram of the dual-motor
synchronized driving servo system is shown in the following Figure 1.

Dead(8;) is the transmission torque and is expressed as the partial asymmetric dead-zone:

K6~ 3,),if 6; > 9,
Dead(BJ) = 0, Zf 9] S (—al, ar) (2)
k(gj + al), lf 9] < —al,

where 9]- = ()m]- — 01, which is the relative displacement, k is the rigidity coefficient, d, and
0; are break points satisfying d, > 0, —d; < 0. But the dead-zone model is non-smooth,
resulting in collision and bringing great difficulty in the controller design. Thus, a new
differentiable dead-zone model with non-symmetric break points is proposed as:

k . ,cosh(r(6;—9;)). Kk

T(0) =kt + 5 (T

(01 —=9), 3)
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in which r is called soft degree, a positive adjustable parameter. The meaning of other
parameters is the same as in Dead (6;).

- Reducer1
U
[mam
e
Load —§—
s Reducer?
[ ] U
G
i)

Figure 1. Structure diagram of the dual-motor synchronized driving servo system.

Let x(0;) = Dead(6;) — Ts(6;) and combine (2) and (3), then we have:

ko — gl 50y —0,), i 6, >

X(6) =1 —kg;— T~ k@ —,),if 6; € (~31,9)) @
ko(0;
Koy — 0 k@, —a,),if 0 < -3,

h(r(0;—o,

where p(6;) = ln(izSZhE:§9;+a,B ).

Owing to dp/db; < 0, from (4) we can get:
—ko, — Zln(m) < x(6j) <0, if9 >0,

—ko, — £1n(m) < X( i) < kal +4 (m) if 0 € (—0,0r) 5)

The Equation (5) shows that —kd, — ﬁ (m) < x(6;) < ko + 5 s ln(ﬁ).

Therefore, we can conclude that —(kln2)/2r < x(0;) < (kIn2)/2r, and hm ‘;( i) =0.
It implies that the non-smooth property of the dead-zone nonlinearity can be smoothed to any
arbitrary precision by an additional design parameter r in Ts. For instance, r = 5 in T,; and
r = 10 in Ts as shown in Figure 2. The new dead-zone model greatly facilitates the
controller design in practice.

Dead — dDead/df
dr_ /df

ar_,/do

0
-1.5 -1 -0.5 0 0.5 1 1.5 2 2. -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

Figure 2. Dead-zone approximation: k = 2,0, = 1.5,9; = 0.5.
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The T-BLF candidate utilized in the control design process can be chosen as fol-
lows [38]:

1lo (ﬂ)k (t) = (4 —¥))e Mt +4;,i =1,2,3,4,5 6)
2 gk%](t)_vlz’b/ —\1 I)IJZ l/Jl/ — L&y I E Yy

‘/i =
where 15, y;, 1; are positive adjustable parameters. v; will be defined in the following control

design process. Define a compact set (), := {[v;| < k;, ()} and label k,, = kz(fﬁ
b; i

All states of the dual-motor servo system are constrained in a compact set, for example,
Ixi| < ke, (t) with k¢, (t) > 0.

Remark 1. Owing to the existence of the constraints of control variables and state variables in
many practical systems as well as the time-varying parameters, it is necessary to consider both the
time-varying and constrained characteristics of the dual-motor servo system.

Then, we let ag = k/Jr,a1 = br/]r, taj = Kij/ Jmj, hoj = k/ Jmj, haj = bj/ Jmj, haj =
Rj/Ljand hs; = K,j/Lj, hej = 1/L;. Define the state variables in the dual-motor servo
system x1 = 01, x2 = wr, X3j = Qm]*, X4j = Wpj, X5 = Z]

Therefore, the state equations can be rewritten as:

xl =X2
Xp = agx3 — 249X — A1Xy + Py + D3
X3j = X4]'

@)

Xy = hajxsj — Tpj(x3j — x1) + Py — Ps; — higjxy
x5]» = —h4]~x5]~ — ﬁ5]’X4]’ + ﬁ(,]u]
¥y =X,

where ®; = [£(0(61) +p(02)) + k(1 —3,)]/Jr, P35 = (x(61) + x(62))/Jr, P5j = X(0;)/ Jmj
and (D4] = [—£P(9]) - %(al - ar)]/LnJ
For the convenience of control design, the following lemmas are given.

Lemma 1 ([38]). For any constant k;, > 0, and any z € R satisfying |z| < ky, we have:

2 2
ks, ) < a
k2 —22" " k2 —z2?

log( ®)

Lemma 2 ([39]). The NNs are employed to approximate a continuous function f(x). The approxi-
mation of function f(x) over a compact domain () is defined as:

f(x) = WTS(x) +¢(x),Vx € Q. )

S(x) = [s1(x),s0(x), - -+ ,5;(x)]Tis the basis function vector, and | > 0 denotes the node number
of NNs. ¢(x) is the approximation error. W* is the ideal value of the NNs’ weight that minimizes

the approximation error g(x). Thus, we have: W* = arg min {sup |f(x) — W*TS(x)| } A Gaus-
WeR xeQ)

sian function is usually chosen as the basis function s;(x), that is: s;(x) = exp[—

7.Tx7. .
(e ey ;

1,2,- -+ ,1,in which @; = (@1, @, -+ , @] is the center of the basis function and 1; is the width.
Because the ideal NNs weight, W*, is unknown, we can only use the estimation value W of W* in
the control design, which can be updated online via adaptive laws.

Assumption 1. For any x € Q), the approximation error satisfies |¢(x)| < ey, where epg > 0 is
an unknown bound.
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Remark 2. NNs have been widely utilized in the modeling and control of nonlinear systems with
unknown dynamics by using their approximations and learning abilities, so NNs were employed to
approximate nonlinearity to obtain good control performance in this paper.

Lemma 3 ([40]). Command filter was defined as:
$1 = Wng2 10
{ Py = —20wnp2 — wn(gr — &) (10

If the input signal « satisfies |&| < Ay and |&| < Ay for all t > 0, where Ay and A, are positive
constants, ¢1(0) = a(0) and ¢,(0) = O, then for any B > 0, there exist w, > 0and { € (0,1],
such that |p1 — a| < B, |¢1|, |@,|, and | 91| are bounded.

Assumption 2. y,; and its first derivative y ; are known, bounded and smooth with |y < ke, (t).

7

The control objective was to design a smooth CFB controller with an appropriate selec-
tion of control parameters such that (1) all the closed-loop signals of the dual-motor servo
system with a partial asymmetric dead-zone were bounded and the state constraints were
never violated and (2) the output, x, followed the specified desired trajectory, y4, so that
the tracking error was uniformly ultimately bounded with practical accuracy. Meanwhile,
the speed synchronization error converged to a small neighborhood of the origin.

3. Controller Design of Command Filtering Backstepping with Full-State Constraints

In this section, for the purpose of alleviating the high complexity, an adaptive NN
controller based on CFB is presented for the dual-motor servo system (1) by employing
T-BLE. The development procedure was composed of five steps, and the detailed process is
elaborated as follows.

Owing to the error compensation mechanism utilized in this paper, the compensated
tracking error was designed as v; = z; — ¢;,i = 1,2,3,4,5. z;, as the tracking error, is given
later, and ¢; is the error compensation signal as:

(:31 = —k181 + G+ (x2c —a1)

o= —kala + G+ (x30 — 2)

83 = —kals + Ca+ (x4c —a3) (11)
Gy = —kaGs + G5+ (X510 — a1 + X520 — Ag2)

&5 = —ksCs,

where §;(0) =0,i =1,2,3,4,5. The compensation signal, ¢;, is bounded and denoted as
tlim |&i| < v/2mgy/ng, the mg, ng is defined in a later proof.
—00

In (11), (xjc —a;_1),i = 2,3,4 and (xs51, — a41 + X5p, — Agp) are the filtering errors,
which may bring difficulty in obtaining a satisfactory control performance. x; ., x51 . and
xsp o are the output signals of the command filtering, while the virtual controllers a;_1, a41
and a4 go through the filter. The virtual controllers are defined in the process of con-
troller design.

Step1: According to the control objective of the system (1) and Equation (7), the first
tracking error was defined as z; = x; — y4. The time derivative of z; is z; = x; —y,; =
xp — Y4, where y; is the reference signal.

In order to make the system states constrained, the first T-BLF candidate was chosen as:

1 K, (t)
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Then, the time derivative of V; can be deduced by:

_ 01@1—0%[kb1(t)/kb1(f)]

Vl k2 () 1
~k s o (kh( ) /Ky (1) 13)
= ko, [x1 — &y — v1(ky, (t) /kp, (t))]' .
=ky, [x 2—x2c+xzc—0<1 +ay —yy— G — o1k, (t) /K, (1))].

The first virtual controller is constructed as:
a1 = —kyzg + 1, + o1 (kp, (£) /kp, (1)), (14)

where kq is a positive adjustable parameter.
By substituting (11) and (14) to (13), we have:

Vi =ky (22 —kiz1 + k&1 — &) (15)
S kvle - kvlklvl‘

Step2: The second tracking error was z = x2 — x¢; thus, the time derivative of z; is
Zy = X3 — Xp, = ApX3 — 2agx1 — a1xy + Py + D3 — x .
The T-BLF candidate was defined as:

Vo=V 4 log( ks, (1) ) (16)
2=V1+3 S o)
2 kp, (t) — 03
Then, the time derivative of V5 is:
oo oatn—03lky, (1) /Ky, ()]
S U S
= Vi 4k, |2 — X0 = G — v2(k, (£) /Ky, (£))] Y
= V1.+ kvz [a0x3 — X3+ X3 —ar+ap — 2a0x1 — a1xy + Py + O3 — 5C2,C — 62
—a(ky, (t) /kp, (£))]-
Select the second virtual controller:
ay = —kpzp + X + 2apx1 + a1xy + WZTSZ — ko, (k%2 — U%) — ko,

' (18)
+02 (ki (£) /K, (1)),

where k; is a positive adjustable parameter, and W, is the estimation value of Wj.
By substituting (11) and (18) to (17) yields:

Vo = Vi +ke(zs —kazo + WISy — ko, (kﬁ2 —03) — ko, + Dy + D3 + koo — C3)
=Vi+ kv2 (Ug — kzvz =+ (WZTSZ — QZ) — kv1 (k — ?)2) k'yz + @3) (19)

2 ~
= 121 kliikivi + kvzv3 + kZ]z WESZ kUz G2 + kv2¢3 kvzl
=

in which ®; = fo(x) = W3TSy(x) + ga(x).

We have @3 = (x(61) + x(62))/Jp and —(kIn2)/2r < x(6;) < (kIn2)/2r,s0 ®3 < Ha.
In addition, ko, 3 satisfies k,,®3 < 1 k2 TH? accordmg to the Young's inequality. Simi-
larly, from Assumption 1, we can obtam kvzg2 < k%z + 5 ez, since g» < &3. Hj is a positive
parameter, ¢ is an unknown bound, and ¢, is the approximation error in this procedure.
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Therefore, we have the final result of taking the time derivative of V;:

Va

IN

2 ~
—‘21 kokivi + ko,03 + ko, W] Sy + 3K3, + 363 + k3, + 3HZ — k3,
P (20)
2 ~
= — ¥ kokiv; + ko,v3 + ko, W] Sp + 33 + 5 H3.
i=1

Step3: Design the third tracking error z3 = agx3 — x3., and its time derivative is

Z3 = ApX3 — X3¢ = AgX4 — X3c.
The T-BLF candidate in this step was chosen as:

2. (1
2 - @

Analogously, differentiating V3 with respect to time, we obtain:

1
V3=V, + Elog(

0303 =3[y, (£)/ Koy (1))

SR CE . (22)
= VZ + kU3 [a0x3 - x3,6 - 63 - 03(kb3(t)/kb3<t))] ) .
= Vo +koy[aoxs — X4 + x40 — a3 + a3 — X3 — §3 — v3(kp, (1) /kpy (1))
The virtual controller is designed as:
w3 = —kazs + X3, — ko, (K, — 03) + v3(ky, () /s (1)), (23)
where k3 is a positive adjustable parameter.
By introducing (11) and (23) to (22) yields:
Vs =V +koy[za — kazs — ko, (k3 — 03) + k33 — Gl
(24)

3 ~
< = ¥ kokivi + koyvg + koy WE Sy + 363 + S H3.
i=1

Step4: The tracking error in the fourth subsystem was z; = a9xy; — %x4lc, j=12
From (7), we can obtain 24] = a05€4]' — %j@l,c = ao(hljx5]' — ﬁzj(ng - x1) + q>4]' — (I)5]' —
ﬁ3]-x4]-) — %J@LC. Define z4 = z41 + 242, 2s = z42 — z41. Zs is the speed synchronization error
between two motors, which was used later.

The T-BLF candidate can be selected as:

X0
k%4(t) - Uﬁ) (25)

Then, the time derivative of V; can be deduced by:
04@4*U§[kb4(t)/kb4(f)]

k§4(t)—vi
= Vi + ko, [a0xs — 0 — &4 — 0k, (£) /K, (1))
= V3 + ko, [ao(h11x51 — hig1 (x31 — x1) + Py = @51 — a1x41 + X5y —
ho(x3p — x1) + Pap — Psp — FizpXaz) — Xy,c — &y — valky, (£) /Ky, (£))]
= V3 + ko, [a0h11x51 — X51,c + a0h12%52 — X50,c + (X516 — K41 + X520 — X42) + A4
+agp + ao(—hp1x3 + ha1x1 — ha1Xa1 — o Xap + igax1 — fizaxgp) + ag(Pa1 + Py)
—ao(DPs1 + DPsp) — x40 — &g — valky, (t) /Ky, (1))]-

1
Viy=V3+ Elog(

V4 =V3+

(26)
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Design the virtual controller:

0y —kazaj + 3X4c + ag(Tinj(xaj — x1) + Hajxaj) + W ;54

(27)
e (08, — ) ko, + Joallg (/g (1) + (1) T,

where k4 and kg are positive adjustable parameters, and W4j is the estimation value of Wjj.

Remark 3. (—1)j gz in oy is the synchronization feedback signal, which is designed to decrease
the synchronization error between two motors.

By substituting (11) and (27) to (26), we have:

. 4 ~ ~ ~
VvV, < _‘21 ko kivi + ko, 05 + ko, WE Sy + 363 + T HZ + ko, WL Su1 + ko, W], S 28)
1=

—ko,Ga1 — koyGap — agko, P51 — agky, sy — 2Kk3, .

Similar to step2, there exists ®4; = fy;(x) = WZ]-TS4j(x) + 64j(x) in this step. We can
get —ko,Ga1 < 363, + 1k2 and —ky,cap < 3¢k, + %k%4 by combining the Young’s inequality
and Assumption 1, in Wthh a1 < €41,G40 < €y are satisfied. e41,€4 are unknown
bound, and ¢41, G4» are the approximation errors. We have known ®s5; = X(Gj) / Jmj and
—(kIn2)/2r < x(8;) < (kIn2)/2r, thus —ag®s; < Hyy and —agPs; < %H42 are obtained.
Hy and Hy; are positive parameters. In the end, we have —agk,, @51 < %Hil + %k% , and
—apky, P5r < %HZZ + %k% , in accordance with the Young’s inequality.

Therefore, we obtain:

V4 < — Z kvlk U + kv4'05 + kZ,ZW Sy + kv4W41841 + kv4W42542 + %H%—F (29)

E41+ H§1+ 542"‘ Hiz

Step5: The tracking error in this subsystem was designed as z5; = aofi1jxs5; — X5,
j =12 Then, its time derivative is Z5] = aohljj(5]‘ — 5(5j,c = aoﬁlj(—h4jX5j - ﬁ5]'X4j +
ﬁé]'u]‘) — jc5j,c. Define z5 = z51 + z5p and z7 = 257 — z51. z7 is the torque synchronization
error between two motors, which is also used later.

The T-BLF candidate is defined as:

K2 (¢
1) 5)- (30)

1
Vs =Vy+ - log(-5—2——
2 kp () — o3

Then, we have the time derivative of Vs:

0505 —03[ky (1) /Ky ()]
k%s (H)—v2
= ‘:/4 + kog [a0h11%51 — K51, + A0h1a¥sy — X500 — &5 — Vs (Kpg (1) /s (1))] (31)
= Vi + kos[aohi1 (—fin Xs1 — hs1xa + hert) — 51,0 + aolnn (—hapxs
—Tispxgp + hgatin) — X520 — &5 — U5 (kg (t) / ks (1))]-

V5 =V4+

Construct the actual control signal as:

o= 1 i D e (B e s) — 1 2 _ 2
u] _ﬂoﬁljﬁe;‘[ k5Z5]+X5],C+aoﬁ1](ﬁ4JX5]+ﬁ5]JC4]) Zkv4(kb5 1)5)

. . 32
3o kg (6) /R ()] + (~ 1) [y + 2], 2

in which k5 and kr are positive adjustable parameters.
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Remark 4. In U;, (—1)/*1 hljlﬁéj [krzT + ﬁzs] is also the synchronization feedback signal. In
order to improve the control accuracy and avoid unnecessary energy consumption in the dual-motor
servo system, synchronization feedback signals are designed.

Finally, substituting (11) and (32) into (31) yields:

Vs (33)

NI I/\

5 ~ ~ ~
; kokivi + koyWT Sy + ko, W] Sa1 + ko, W5 S + 3¢5 + 3 H3+
1+ 3 HR + 385 + 3 H.

4. Stability Analysis

Theorem 1. Considering the dual-motor servo system (1) satisfying Assumptions 1 and 2, the
virtual controllers (14), (18), (23), (27) and actual controller (32), along with the adaptive laws (36)
and compensating signals (11) are constructed. If the control design parameters are all appropriately
selected, it can be ensured that tracking error and synchronization error converge to a small
neighborhood of the origin. In addition, all the signals in this closed-loop system are bounded and
the state constraints are never violated.

Proof of Theorem 1. The total Lyapunov function for the dual-motor servo system can be
written as

1 g 1. 1, 1
V="Vs+ EWzTr;Wz + §W41TTL1W41 + §W42Trizlw42 + 523 + EZZT' (34)

Remark 5. There exist synchronization error and torque error in the studied system, so they are
added to the total Lyapunov function, guaranteeing the convergence of these errors.

Combining with (33), the derivative of V with respect to time can be deduced by:

V= Vs+ W T, Wy + Wy TT M Way + Wi T W + 242 + 2727

5 ~ ~ ~ A
< — -21 kokivi + WY (koyS2 + T3 "Wa) + W, (ko, Sa1 + T Wan )+ (35)
1=

WZZ(kUALS‘Q + 1—';2 W42) + 25zs + z72T + + FI2 + 841+
1
sHi) + 3¢5 + 2 Hp.

According to (35), adaptive laws are designed as follows:
Wz = —T,Soky, — myWs

W41 = —T41Suko, — my Wy (36)

Wap = —TpSpky, — mypWio.
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Taking the time derivative of z;, and combining with the virtual control signals, we
then have:

Zs = Zg — 24
= ao[hipxsy — hop(x3p — x1) + Pap — Py — higpxan — My xs1+
fip1(x31 — x1) — Py1 + D51 + hg1x41]
= aphipXsy — X5p,c — Agh11X51 + X51,c + (X50,c — A4 — X51,c + (41) —
g1 + &g + ag(hp1x31 — M1 xy + harxa1 — hooxap + Xy — haoXan)+
ag(Pyz — Py1) + ag (P51 — P52) -
= z7 + (X520 — (g — X51,¢ + 1) — 2kszs + (WLSs —gm)+
(=W}, Sa1 + ca1) + ag(Ps1 — Psp)
< ZT—2k525+ﬁ0+l9+£0+H3
= zr — 2kszs + A,

(37)

in which ag(®s51 — $sp) < Hz, Bo + O+ €9 + H3 = A. By, 8,€0, H3 and A are all positive
parameters.

Remark 6. From Lemma 3, we know |xs5,. — &g — X510 + ta1| < Po if appropriate filtering
parameters are selected. The speed of the two motors is required to be synchronized, that is, the
speed difference between them is almost zero. The only different variable of the two approximation
parts is the speed, so W42542 W41541 is bounded, and denoted as (W42542 W41541) < 8. From
Assumption 1, we can easily know that (g41 — ¢42) < €o.

Similarly, the zt is calculated:

2T = Zs) — 25
= apMpXsp — X520 — Agh11X51 + Xs51,¢
= aghip(—hapxsp — hspxap + heplUp) — X5p,c — Aghy1 (—hugr xs1 (38)

—hs1x41 4 he1Uy) + X351
= —(k5 + 2110kT)ZT — Zs.

From (37) and (38), we can obtain:
. . 1
2525 + 2121 = —2ksz% — (ks + 2a0kT)Z% + Azs < —(2ks — 1)22 — (ks + 2apkt)z3 + Z;A2' (39)

Combining the Equations (35), (36), and (39), we conclude:

V5 + WzTrf WZ + W41 Tl—'zﬁlW“ + WQTFZ; W42 + ZsZs + ZTZT
< - Z kvlk v; — mszr_1W2 — m41W£F4_11W41 — m42WLF;21W42
(2k5 — 1)2 — (k5 + leokT)ZT %)\2 + %E% + %H% 841+

v

; H§1 360 + 3 Hp (40)
5 N N _
z kogkiv; — "2 Wo T, W, — "W, T Wy — "2 Wi T, Wy
(2ks —1)z2 — (ks + 2110kT)ZT %Wz*Trflwz + W4*1T1";11W41
PEWETT L Wi + $A2 + 565 + 3 H3 + 3¢5, + 3 Hay + 3¢l + 7 H,

According to Lemma 1, we obtain:

V<3 kilog(o ) e, TR, M TR, -
S 'Zl i Og( ( ) ) 7 V27 ly VW2 2 V41" Ly VWi
i:
"2 Wy, TT W I/}742 - (st —1)z2 *1(k5 + 2b110kT)Z2{ + %11’\’2* Trz_llwz*
m. — m. _
T?W*szr Wi + TR WL T Wey + A2 + 565 + 5 HS + 3¢5+
2Hp + €5, + H42
S 7qOV + Po,

(41)
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where q0 = mil‘l{Zkl,Zkz, 2k3, 2k4, 2k5, mp, My, My, (2k5 — 1),2( 5+ 2110kT)},
1170 5 7 Wz*Trz_llwzz* + IAWH T Wa + SR WL TT G Wy, + 1A + 365 + 5 H3 + geq,+
2 Hy + 3¢5 + 7H.

From (41), we can obtain:

V < (V(to) — po/qo)e P10 + po /g0 < V(to) + po/q0, Vt > to, (42)
further
K, (1) —q0(t—to)
lo g(W) < 2(V(to) — po/qo)e 1"~ 4+ 2po/qo. (43)
i
kz (1) —qo(t—to)

Take the natural logarithm for (43) and we have 72 < 2(V(to)=po/q0)e +2po/ a0,

ACE

Thus, we have |v;] < ky, \/1 — e=2(V(to)—po/qo)e 0!~ '0>*2po/qo.

When t — oo, we get:
o] < ky VT — e 270, (a4)

A Lyapunov function was designed for the compensation signal system as:
1 1 1 1 1
Vo= 58T+ 585+ 583+ 58+ 535 (45)
It can be obtained by the time derivative of Vj:

Vo =&+ 88 + Eals + Caly + G5Cs
= —k18} — ko83 — k3l% — kal% — kslZ + €182 + €283 + €384 + Culs (46)
+C1(x2,c — a1) +82(x3c — o) + 83(xac — a3) + Ca(X51,c — a1 + X500 — Ag2).

According to the Lemma 3, we know that |xp . — a1| < By, [x3,. — 2| < B2, [xa — a3 < B3
and |xs1, — a41 + X5, — ag2| < Py
Therefore, we have:

‘170 < —1(k1 —11)6% —1(kz —3)85 — (ks — 3)&5 — (ka — 5)83 — (ks — 3)E3+
3BT+ 385+ 385 + 3P4 (47)
< —noVy + my,

where ng = min{2(k; — 1), 2k, — 3,2k3 — 3,2ks — 3,2ks — 1},mg = B3+ 385 + 1p% +

% B2, B1, B2, B3, Ba are positive parameters.
According to (47), when t — oo, we have:

&| < V/2mg/nq. (48)

From the error systems designed, we can obtain |z1| < |v1|+|&1| < ky, /1 — e~ 2P0/%0 4
v/2mg/ny by combining (44) and (48). It denotes that the tracking error tends to a small
neighborhood of the origin if the control parameters are selected properly. In the actual
applications of the dual-motor servo system, there exists a positive constant Y, making
lyal <Y < ke, s0 |x1| < z1| + [ya| < kp, +v2mo/ng+Y < k¢ We know the vir-
tual control signal a; is bounded, satisfying |#1| < ¢7. In addition, |x. —a1| < By, so
|x2¢| < 01+ B1 < 7y. Ultimately, we have +V2mo/ng+ 11 < ke,
Similarly, we also get |x;| < k¢, i = 3,4,5. J

5. Simulation

In this section, the simulation results show better control performance of adaptive
NNs based on CFB considering full-state constraints. The application of this method can
achieve good control performance for tracking the desired reference signal and reducing
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the synchronization error in dual-motor servo systems with partial asymmetric dead-zone.
The parameters of motors are given as follows

Ji1 =4 x 1073kg x m? ( Juo =8 x 1073kg x m?
K. =0.76V /rad K, =051V /rad

Ky =11IN-m/A Kip =09N -m/A

Ry =250 Ry =30

Ly =5x1072H, L, =4 x 107 2H.

The inertia of the load is defined as J;, = 2(J,;1 + Jm2). The control parameters are
chosen in the desired range to guarantee the boundedness of signals, constraints of the
state, and the stability of the closed-loop system. Thus, the selected filter parameters
and control parameters are: w, = 11,000, = 1,k; = 1000,k, = 80,k3 = 20,ks = 10,
ks = 10,ks = 9000, kT = 1. The designed parameters in adaptive laws are as follows:

My =1x10"3,my =1 x1073,myy =1x 1073,

T, = diag[8 x 10%,8 x 10,8 x 102,8 x 10%,8 x 10?],
Ty = diag[6 x 10°,6 x 10°,6 x 10°,6 x 10°,6 x 10°],
Ty = diag[6 x 10°,6 x 10°,6 x 10°,6 x 10°,6 x 10°].

In the dead-zone model and time-varying bounded functions, k; , the parameters
selected were:

r =10,k = 4,9, = 0.0001, 9; = 0.0002,

11 =02,10=03,135=025,14 =0.2,15 = 0.24,

1 = 0.002, pp = 0.001, 3 = 0.002, ¢4 = 0.001, 3p5 = 0.002,
Y1 = 20,7 = 25,73 = 20,74 = 25,95 = 20.

The membership functions were designed as:

s1(x;) = exp(—(x; —8) (x; —8)/6),
s2(x;) = exp(—(x; —4)" (x; — 4)/6),
s3(x;) = exp(—(x; —0)" (x; = 0)/6),
sa(xi) = exp(—(xi +4)" (x; +4)/6),
s5(x;) = exp(—(x; +8)"(x; +8)/6).
The expected tracking signal was a sinusoidal signal, y; = 7 sin(7t). To show

the effectiveness of the proposed algorithm, NNs based on CFB without considering
state constraints were applied to compare control performances with it. We can see the
advantages of the CFB with state constraints in Figures 3-10.

Figure 3 shows the position of the tracking performance of the dual-motor servo sys-
tem under the sinusoidal reference signal that contains CFB with and without constraints.
From it, a fairly good tracking performance was obtained, and the effectiveness of our
proposed method was proved.

The tracking error and synchronization error of the system are shown by Figures 4
and 5. Apparently, it is easy to see that the tracking performance was superior when we
reflect on the state constraints of the dual-motor system as well as the synchronization
error. Therefore, it is necessary to consider this situation in a closed-loop system according
to practical applications.
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Figure 3. Position tracking performance: (a) with constraints; (b) without constraints.
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Figure 4. Tracking error.

0.1

0.08

speed error (rad/s)

Figure 5. Speed error.

Remark 7. Since the position and speed curves of motor 2 differ only one error from that of motor
1, and we have known that the error between them was very small from Figure 5, at this point, only
the curves of motor 1 are presented and that of motor 2 are omitted.

Figures 6 and 7 show the position and speed of motor 1 separately under CFB with
and without constraints. A better performance can be seen in the figures with state
constraints. The trajectories of load speed and the current, i1, are illustrated respectively in
Figures 8 and 9.
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Remark 8. The current of motor 1 was similar to that of motor 2, so the latter is not presented here.

The compensated tracking errors are shown in Figure 10. Evidently, when considering
the state constraints, the system showed superior dynamic performance, and all the com-
pensated tracking errors did not go beyond the boundaries. However, when this case was
not considered in the system, the second and fourth compensated tracking errors exceed
the time-varying boundaries as shown in Figure 10d,e, which caused the violation of the
state constraints in the system.

(rad)

, (rad)

Time (s

Time (s) Time (s)

(rad/s

v,

(a) (b) (c)
/ S ———
(d) (e)

Figure 10. Compensated tracking errors: (a) for the first subsystem; (b) for the third subsystem; (c) for the fifth subsystem;
(d) for the second subsystem; (e) for the fourth subsystem.

Remark 9. In practical applications, if this situation is not taken into consideration, it is probable
that instability and even greater losses are caused in the entire system. Thus, it makes sense to
do that. In brief, the CFB with full-state constraints via T-BLF in this paper can ensure that the
constraints are not transgressed.

6. Conclusions

In this paper, the CFB considering full-state constraints for the dual-motor servo sys-
tem with partial asymmetric dead-zone was investigated via T-BLF. The proposed T-BLF
satisfied the requirement of time-varying constraints in practice occasions compared with
other existing constrained schemes. The CFB was applied to the dual-motor system, avoid-
ing the complex computational explosion problems. In addition, an error compensation
mechanism was introduced that could effectively reduce the filtering errors of the system.
Based on CFB, the adaptive NNs could well approximate the nonlinear parts of the dead-
zone model and reduce the adverse effects of this part on the system. Through use of the
control schemes, all signals were uniformly ultimately bounded, and the state constraints
were not violated in the closed-loop system. The tracking error and synchronization error
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converged to a small neighborhood of the origin in arbitrary precision. To a great extent,
the control performance of the dual-motor servo system improved.
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