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Abstract

This paper proposes an adaptive control strategy by employing dynamic surface
control (DSC) technique and fuzzy disturbance observer (FDO) for two-inertia
system with uncertainties and disturbance. Firstly, the unknown elements in-
cluding uncertainties and external disturbance are estimated by using a fuzzy
disturbance observer which does not need a priori information of these un-
known dynamics. Next, the estimations of unknown disturbance are integrated
into DSC design by using recursive feedbacks to damp torsional vibration. The
‘explosion of complexity’ inherent in conventional backstepping technique is
avoided by introducing first-order filters. The stability analysis of the design
scheme is verified based on the Lyapunov stability theory. All the signals in the
closed-loop system are guaranteed to be uniformly ultimately bounded and the
tracking error can be made arbitrarily small by adjusting the design parameter-
s. Comparative simulations and experiments demonstrate the effectiveness and
applicability of the proposed method.
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1. Introduction

Two-inertia systems are widely used for the drive system in industry plants,
which can be found in various electromechanical systems, such as robot-arm,
wind turbine generators, crane system and automotive industry. The drive
system is composed of a motor connected to a load machine through a stiffness
shaft and flexible coupling. This configuration may excite torsional oscillations
and lead to the failure of the entire drive system in some operation cases. To
maintain a good control performance of drive system, it is necessary to eliminate
the torsional vibrations.

Over the past decades, many control methods have been proposed to damp
torsional vibrations for the two-inertia system. For instance, PI/PID control,
sliding mode control, resonance-ratio control, digital filters, adaptive robust
control and model predictive control [1, 2, 3, 4, 5]. These control approaches
are based on additional feedbacks from different state variables of the control
system (motor speed, torsional torque and load speed). Among these methods,
the information of the state variables must be known. However, in the real drive
systems, the state variables may not be directly measured in terms of hardware
transducers due to the lack of assemble space and the increased cost. There-
fore, the estimation and observer technique are adopted to estimate unknown
variables. The artificial intelligent techniques, e.g. neural network, fuzzy log-
ic system and genetic algorithm, were employed to estimate the unknown state
variables [6, 7, 8,9, 10, 11]. A torsional vibration control approach was presented
in [6], which was based on the additional feedback from the torsional torque and
the load-side speed estimated by a neural network estimator. To estimate the
motor-side speed for suppressing the torsional vibration, the neuro-fuzzy system
was employed [7]. In [8], an adaptive sliding-mode neuro-fuzzy speed controller
based on the model reference adaptive structure was used to suppress torsional
vibration. The modified fuzzy Luenberger observer was designed via the differ-
ence between the electromagnetic and estimated shaft torque [9]. Additionally,

disturbance observer approaches have also been investigated for the vibration
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suppression of the two-inertia system. The disturbance observer (DOB) with a
low-pass filter, called Q-filter, was developed in [12]. In [13], a fraction-order
DOB and PI fuzzy controller was proposed to improve the response and accura-
cy of the control system. Yun et al. [14] proposed a systematic design method
of a robust DOB with Q-filter for suppressing vibrations in two-inertia system,
where a robust DOB with Q-filter was utilized to compensate for the effect of
the parameter variations. However, in many practical applications, the informa-
tion of the parameter uncertainties or disturbance are generally unknown. The
aforementioned control methods w—hieh—@at consider the nonlinear elements.
The nonlinearities including uncertainties, nonlinear friction and extra distur-
bance are difficult to measured. However, these nonlinearities can affect the
performance of the control system, and even result in instability of the control
system. Therefore, these nonlinearities must be considered in the control design
for two-inertia systems. In this paper, the drive system with elastic coupling is
considered, and system uncertainties and external disturbance are all considered
in the nonlinear control design.

To solve the nonlinear control problem, the backstepping technique [15] has
been utilized to design a stabilizing controller for a class of nonlinear systems due
to its systematic and recursive procedure. Many applications of backstepping
technique have been addressed in [16, 17, 18]. In [16], a robust tracking control
approach of airbreathing hypersonic vehicles was designed by using backstep-
ping method and non-linear disturbance observer technique, where disturbance
estimations were integrated into the virtual controller design in each step to
compensate for the unknown disturbance. The potential problem with back-
stepping technique is the so-called ’explosion of complexity’ which was caused
by the repeated differentiations of the virtual controller. To overcome the draw-
back of backstepping method, a method named dynamic surface control was in-
vestigated by introducing a first-order filter at each step of backstepping design
[19, 20, 21]. An adaptive DSC combined with neural networks was proposed
for a kind of pure-feedback nonlinear systems with unknown dead zone and

disturbance [22]. However, the unknown nonlinear dynamics in the aforemen-
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tioned methods are assumed to be linearly parameterized. For generic unknown
nonlinear functions, approximator-based adaptive-contrel methods have been
proposed to approximate unknown nonlinearities via fuzzy logic system (FLS)
owing to their nonlinear approximation and learning abilities [23, 24, 25]. A
fuzzy adaptive dynamic surface control was proposed for a single-link flexible-
joint robot in [26], and the fuzzy state observer was utilized to observe the
unknown nonlinear function. In [23], Fei proposed a robust adaptive control
using fuzzy compensator for MEMS triaxial gyroscope, where the fuzzy com-
pensator was employed to compensate for the model uncertainties and external
disturbances. Additionally, the FL.S was used to observer the extra disturbance
[27]. However, to our best knowledge, the FLS combined with dynamic surface
control technique has not yet been applied for the nonlinear two-inertia system.

Motivated by the above observations, an adaptive tracking control approach,
which is performed by incorporating dynamic surface control technique and
fuzzy disturbance observer, is proposed for a drive system with elastic cou-
plings of the two-inertia system. The fuzzy disturbance observer is employed
to estimate the unknown disturbance, and the estimations are introducing into
wirtual-controller to compensate for the unknown disturbance. The dynamic
surface controller is designed by using recursive feedback from state variables
to damp the torsional vibration. Compared with the existing results, the main
advantages of the proposed controller can be summarized as follows:

1. The unavoidable nonlinear dynamics of two-inertia systems, e.g. non-
linear friction, uncertainties and external disturbanees-arq all considered in the
control design. These nonlinear elements are lumped as an augmented unknown
nonlinearity, which can be estimated by using a fuzzy disturbance observer.

2. An adaptive DSC based on FDO is proposed for vibration suppression
of the two-inertia system by using recursive feedbacks from all state variables.
Comparing to PID and neural network control methods in [1, 6], the proposed
controller can accurately track the reference input.

The rest of the paper is organized as follows. First, the problem formulation

is introduced in Section 2. In Section 3, the FDO is designed to estimate the
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Figure 1: Two-inertia system model

unknown disturbance, and the stability of FDO is proved by using the Lyapunov
stability theory. In Section 4, the DSC based on FDO is presented. The stability
of the closed-loop system is analyzed in Section 5. Simulation and experiment

results are included in Section 6, and conclusion is given in Section 7.

2. Problem Formulation

A typical two-inertia system is composed of a motor connected to a load
through a shaft torque (Figure 1), which can be described by the following set

of equations

él = W]
(;)l =_Oél(t)(9m —01) — Y1 (wr) (1)

Wi = = (£)(Om — O1) + by ()1 — P2 (wim)
where 6; and 6,, are the positions of the load and motor, w; and w,, are the
velocities of the load and motor, respectively. The control input w is the torque
applied to the motor side. In this paper, it is assumed that all the variables are

measured by sensors. Here, the coefficients oy, o, and b,, are given by

_ k@) ky(t) 1

al(t)_Jl(t) am()zm m(t)zm (2)

where J; and J,,, represent the inertia of the load and motor, respectively. k¢
is the spring coefficient. The term ) (w;) contains friction, gravity and distur-
bance, and the term t9(w,,) contains the coulomb friction, damping and dis-
turbance. In other words, all the modeled uncertainties and errors are lumped

into the unknown signals 11 (w;) and s (w,y,).
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Choose the state variablex = [ z; 29 3 24 1T =[60, w; 0, wm |T

)

equation (1) can be written in the form of

X9 0 0
o a(t)(z3 — 1) N 0 - ¥1(w2) )
Ty 0 0
—ap (t)(z3 — 71) bm Pa(4)

Then, (3) can be written as

&= f(x) + g(x)u + Qu(x) (4)

In this paper, the FLS is used in a disturbance observer to estimate total
disturbance because a fuzzy system can approximate the nonlinear function.
Figure 2 shows the configuration of the two-inertia system with the fuzzy dis-
turbance. In this configuration, the Q, (z|f) represents the unknown disturbance

Q. (z|0) of the two-inertia system.

3. Fuzzy Disturbance Observer

8.1. Fuzzy logic system

The basic configuration of a FLS consists of the fuzzifier, the fuzzy inference

engine working on fuzzy rules and the defuzzifier (see Figure 3). The fuzzy
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Figure 3: Structure of Fuzzy Logic system

inference engine employs fuzzy rules to perform a mapping from an input lin-
guistic vector x = [z1,...,2,]T € R™ to an output linguistic variable y € R. The
knowledge base is composed of a collection of fuzzy IF-THEN rules[28]. The ith
fuzzy IF-THEN rule is given

R :IF xy is Al and x5 is A)... and x, is A),. THEN yis y’(j = 1,2,...M).

where A{, Aé, ..., AJ are fuzzy sets, and y7 is the fuzzy singleton for the output
in the jth fuzzy, M is the number of rules. Then the resulting FLS can be

represented as

Zj]\il Yj (H?:Lu,qg (xz))
Zjle (H?:LUA-Z(W)) .

where pi 45 (x;) is the fuzzy member function. Then equation (5) can be written

()

y(z) =

y(x) = 0" p(x) (6)

where 0 = (41, ..., yar) T is adjustable parameter vector, p(x) = (p1(x), ..., par(z))T

and ¢, (x) are the fuzzy basis functions, which can be defined as

@;(x) = L3 (24)
] Zjle (H?:LUAg (xz))

Assumption 1 [29]: Let f(z) be a continuous function defined on a compact

(7)

set M. Then for any constant £ > 0, there exists a fuzzy logic system {5)}guch
that
sup [£(z) — 07 ()| < ¢ (8)

reMy
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8.2.  Fuzzy Disturbance Observer

In this subsection, the fuzzy disturbance observer is presented to estimate
the unknown lumped disturbance. Considering nonlinear system (4) with an

unknown disturbance €, (z):
#=flargla)ut+Qate) )

where Q,(z) is the compound disturbance of control system. Consider the
following system:

Z=—o0z+p(z,0) (10)

where p(z,0) = oz f(x) + g(z)u + Qu(z, |0).
Define an auxiliary variable as ¢ =  — z. Then subtracting (10) from (9),

one can obtain as follows
c=i—4=—0¢+Q(z) — Qu(z,]0) (11)

Following the universal approximation capability of the fuzzy system, the un-
known disturbance €, () can be described by the output €2, (x, |d) of the fuzzy

system plus a reconstruction error ¢ :
Qu(2) = Qu(,16%) + ¢ (12)

Now we proposed an adaptive law for 6 of the estimator €0, (z,|d) to observe
Q. (z) in the following theorem.
Theorem 1: Consider the two-inertia system (3). If the adjustable fuzzy

disturbance observer parameter vector is tuned by
0 = ti(p(a)s + 620) (13)

where /1 and /5 are design parameters, respectively. Then the disturbance
observer error ¢ is uniformly ultimately bounded (UUB, s € L) within a

arbitrarily small region.
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Proof: Choose the following Lyapunov function candidate

Ly, 1 5057
Vo = =¢=+ —0 14
0=73¢ 5, 0 (14)

where 6 = 6* — @ is the parameter error. The differential of Vj is
. . 1 A
Vo=¢s+ —60
4
- 1~ x
= —0¢2 — 0T p(x) +ce + Z—HTG
1

. 1 =«
=—0¢? + GT{K_Q - gcp(x)} +ce (15)
1

(1 .
= —o'g2 =+ ge + QT{Z_ (61(90($)§ + KQQ)) — §€0($)}
1
= —0¢% 4+ e+ 0,070
Applying the following inequalities

1 1
e< —0¢? + —¢2
€S0 Ty

0 ooy (16)
6070 < 2070+ —0*To*
2 2
The following inequality holds
. ]_ €2 ~ o~ 1 €2
<« _1g2_ Lf2gr Lo L2 0T s
Vo < 20'§ 29 9+20_€ + 29 6 @7)

Then under the assumption that—é—igbounded, the disturbance observation error

is UUB. This completes the proof.

o . P2y a 2 . o .GLQ—,
then ¢ € Lo—Also, ¢ € L, and é€ L According to the Barbalat lemma [30];

4. Controller Design

In this section, we will design a DSC based on FDO for the system (1).
The structure of adaptive DSC is shown in Figure 4. Similar to traditional
backstepping design methods, the recursive design procedure is based on the
following change of coordinates: S; = ©1 — @, S; = T; — Tiq, Yi = Tig — Xi(1 =

2,3,4), where S; is the error surface, x;4 is the desired state command, which
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is produced by the first order low pass filter, y; is the filter error, and y; is
the visual control which will be designed for the system (1). Finally, the actual
controller u will be designed in the last step.

Step1: At this step, the first error surface is defined as
Sl =T — Xy (18)

where z,. is the desired trajectory.

Then the derivative of (18) is
S| =iy — & =9 — &p (19)
Here, a Lyapunov candidate is considered in the quadratic form as follows:
L o
1= 551 (20)
The time derivative of V7 is

Vi= 8181 = S1(S2 +y2 + X2 — i)

(21)
= 51(S2 + Y2 + X2 — Zr)
Define a virtual controller o as follows
X2 = —k151 + @, (22)

where k; is positive design parameter.
To avoid the problem of ”explosion of complexity” in traditional backstep-
ping design method; we introduce a new variable x4 and let Y2 pass through a

first-order filter with time constant 75 to obtain zs4 as
X2 = Todaq + T2q, 224(0) = x2(0) (23)

where x5, is the output variable. Define a filter error as

Yo = Tag — X2 (24)
Then
Grog = — 22 (25)
T2

10
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and

G = daa — X2 = — 2 + By (")
2

where Bj(+) is a continuous function with the following expression:

Bi(-) = —k1S1 + &,
Step 2: The second error surface is defined as

Sy = T2 — T2q

(26)

(27)

(28)

According to the Theorem 1, the ¢ (z3) can be expressed as ¥y (22|0;) by FDO.

Equation (3) can be rewritten as
iy = (s — 1) + Yo(22|01) + &1

The derivative of Ss is

Sy = dg — doq = cy(w3 — 1) + 1[,2(3;2@1) +e1—Taq

Choose a Lyapunov function candidate as

1 R
Vo==524+_—"—"079
2 2 2 + 271 1 Y1

The time derivative of V5 is
. . 1 ~r A
Vo = 5955+ —06; 64
Y1

N ~ i 1 ~+ %
= So[ai(ws — z1) + U1 (22]61) + €1 — d2a] + aeripﬂ

~ . 1 ~rx
= Sy [a(Ss +ys + X3 — xl)@(mﬂel) +e1 — dag) + £91T91

Choose a virtual controller y3 as

1 .
X3 =1 — " [V1(22]61) + k252 + d24]

(29)

(33)

Introduce a new state variable x34 and let Y3 pass through a first-order with

a time constant 73 to obtain xs34 as
T3¥3q + T34 = X3, 234(0) = x3(0).

11

(34)
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Define the output error of this filter as

Y3 = X34 — X3-

It yields
. Ys
T3d = ——
T3
and
. Y3
Ys = —=— + Ba()
T3
where

1
a

By() = —d1 + @ [@1(@@1) + diag + k2 Sa].

Step 3: From (3), define the third error surface is
S3 = x3 — x34.
The time derivative of Sj3 is
Sy =3 — d3a =S4+ ya + X4 — T3a-
Consider the Lyapunov function candidate as
Vs = %Sﬁ
The derivative of V3 is
Vs = S3[Sa + ya + Xa — #34

Choose a virtual controller y4 as

X4 = —k3S53 + Z3q4.

(40)

(42)

(43)

Introduce a new state variable z44 and let x4 pass through a first-order filter

with a time constant 74 to obtain
Tafad + Taa = X4 744a(0) = X4(0).
Define the output error of this filter as
Y4 = Tad — X4-

12



Then

fag = -4 (46)
T4
and
Uy = Fag — X4 = Xy Bs(-) (47)
T4
Bs(-) = k355 — isa. (48)

Step 4: Define the last error surface is
54 = T4 — Xad (49)

where we employ another fuzzy disturbance observer 1&2($4|9A2) to estimate the

unknown term s(x4) , the &4 can be written as
tq = o (£) (21 — 23) + byn ()1 + Pa(24]02) + &3 (50)
Then the time derivative of Sy is
Sy = dq — d4qg = () (1 — 3) + by ()u + Pa(24]02) + €2 — dag (51)
Choose a Lyapunov function candidate as

1o I apz
= = — 2
V4 254 + 2’}/2 02 92 (5 )

where 72 > 0 is a design parameter.

The derivative of V} is

Vi = Salom (t) (21 — 23) + by ()1 + g (24]02) + €2 — Z44) + 7129{@2 (53)

From (53), one can obtain the actual controller u as follows

u = bi [ — S5 — kaSs — o (t) (21 — x3) — a(2a]02) - F4d] (54)

5. The Stability Analysis

In this section, we will analysis the stability of the closed-loop system. Before

illustrating this; we have the following assumption.

13
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Assumption 2 [19]: For the reference signal x, which is a sufficiently smooth
function of =, ©,, and &, are bounded, that—is—there exists a known pos-
itive constant By > 0, and the first and second order derivative of x, satisfy
Q= {(2, ¥y, &) 2 Ty + @y + & < Bg} € R? and denotes §); := {[Si,yi,éi,g‘i} :
Z?:o Vi+ Z?Zl y? < 2p} C R* as the compact set of the initial conditions with
p a positive constant. Then for any By > 0 and p > 0, the sets €2, and €2, are
compact in R? and R*, , respectively. Thus, there exists a positive constant
M; such that| M; |< Bj on £, x €.

Consider the closed-loop system composed of the DSC controller (54), the
virtual controller (22), (33), (43), and parameter adaptive law (13), thus the
closed-loop system is semi-global stability. Moreover, the tracking error and the
observer error can be made arbitrarily small by choosing design parameters.

A Lyapunov function is chosen as

1 1,
V=53 Vity ) u (55)
The derivative of V is

V = S1(S2 +yo + X2 — &) + So[au (S5 + y3 + X3 — 1) + ey

+ &1 — d2a| + S5 [Sa + ya + X4 — E3a] + Su [OéM(t)(ﬂh —x3) (56)

2

1 i
+ bar (t)u + Po(24]02) + €2 — dag +Zyzyz+ Z% 29?91'

=2 i:l
Substituting (22), (33), (43) and (54) into (56), one have
V = —k1 S} — k2S5 — k3S3 — kaST + S1(S2 + y2) + S2(S3 + y3) + S3(Sa + ya)

2 ~
9T9i

XH—I 1
i B; S S,
—i—Zy ——— 11()) + Sag1 + Saez + 5 Z<,+%

(57)

14
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According to Young’s inequality, one have

1
Sjyj+1 < S + y]+1

1
5261 S 552 + 561
1
5%
1, 9 1)
yin1Bi() < 55y, Bi() + 5

S4€2

1
<SSP+

where 0 is a design constant.

Substituting (58) and (16) into (57), one have

. 1 1
V<= (k= 5)ST = (k2 - 1)522 = (ks = 5)S5 = (ks = 1) %
E 1 B? 2 (59)

__253( 1 e z+1 y%¥1 j{: 1 " __479T9] +é

i=1

Define an auxiliary variable ¢ as follows

2
é
o=+ Ly )+ 3 -
i=1

According to Assumption 2, equation (59) can be written as

1 1
— (k1 = 5) 82— (ko = 1)83 = (ks — 5)S3 — (ks — 1) 83

11 Ml+1 2 1 -
7'1+i_§_ yH'l Zz:; UZCZ 99] ¢

3 (61)

i=1
Choose the design controller parameters such that k; — % >0, kg —1 > 0,

2 .
ks — 1 >0 ky—1>0 L1 Mab 5 gl55 017 >0 Define

2 1 7 21 11 M0
k1—§>07k2—1>0,k3—§>07k4—1>0,7j—§—+7>0 0 >
0,302 > 0}.
Then, one have
Vi< —nVi+ 6. (62)

By by selecting sufficiently large k;(i = 1,2, 3,4), 1, {3, we can make © > ¢/p ,
then V4 <0 on Vy = p. Thus, V4 < p is an invariant set, i.e., if V4(0) < p, then
Vi < pfor all t > 0. Therefore, V,(t) is bounded. This completes the proof.

15
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Figure 4: Block diagram of proposed control scheme

The implementation of the DSC based on FDO method is straight forward.
The design procedures are summarized as follows.

Step 1. Define the fuzzy rules and membership, and determine the fuzzy
basis function, establish the fuzzy logic system.

Step 2. Determine the control parameters k;(i = 1,...,4) and the observer
parameters o1, 0a.

Step 3. Choose the adaptive laws 0;(i = 1,2) and the initial conditions 6;(0).
Calculate the intermediate controller y; according to (22), (33) and (43).

Step 4. Select appropriate parameters 7;,j = 2,3,4, {1,{s, respectively.
Calculate the actual control signal u according to (54).

Remark 2: Tt should be noted that dynamic surface gains k;, the filter time
constants 7; are required to satisfy k; > 0 and 7; > 0. Thus, we can obtain
sufficiently large 7 such that ¢/m is arbitrarily small by increasing the control

=]

gain k; and decreasing the filter time constant 7;.

6. Simulation and Experiment Results

6.1. Simulation Results

To validate the effectiveness of the proposed control design, simulations are
performed in this section. The system parameters in (1) are chosen as J,, =

0.0226kg/m, J; = 0.0045kg - m?, ks = 65N - m, and the controller parameters

16


Andris
在文本上注释
这个是一个词吧？不应该分开

Andris
附注
加一个Remark阐述和已有方法的不同，回应第二个人的评审


qu(xz)and its estimate
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Figure 5: Actual and estimated values of disturbances:

— ()

..... Estimate g (x,)

time(s)

()

'\/\/\/\/ Estimate y,(x,) /]
NS

)

T
Estimate error

(b)

Y1(x2), (b) Trajectory of the disturbance 2 (z4)

are kl = ].7 kg = 2, k3 = ].7 k4 = 12, Tg = T3 = T4 = 001, fl = 1, 62 = 0.01.

In the simulation, all the initial conditions are chosen as zero. Assuming that

(a) Trajectory of the disturbance

the disturbance signals are 11 = 3sin(nt), o = 2sin(wt + 1).

and estimated trajectories of the lumped disturbance are depicted in Figure 5.

From Figure 5, one can see that the FDO can precisely estimate the lumped

disturbance.
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Figure 6: (a) Load position tracking of DSC with FDO, (b) tracking error
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Figure 7: (a) Load speed tracking of DSC with FDO, (b) tracking error

To illustrate the tracking performance of the proposed control scheme, the

reference input signal is chosen as z, = 0.5sin(nt). The simulation results are
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Figure 8: (a) Load position tracking of PID , (b) tracking error

shown in Figures 6-9. Figures 6-7 show the tracking performance of DSC with
FDO, and Figures 8-9 shows the tracking performance of PID method. It is
clear from the profiles of the position and speed tracking, that the proposed

control scheme produces very good tracking performance.

6.2. Experiment Results

A realistic two-inertia system is used as the test-rig to validate the proposed
control method. The configuration of the whole experimental setup is shown
in Figure 10. The experimental setup is composed of a permanent-magnet
synchronous motor connected to a load machine, a PC with a 2.0GHz i5 CPU
and 2G memory, and a digital signal processor (DSP, 28335). The control
algorithms are written by Visual C+4. The sampling time in the experiment
setup is 1 ms. The positions and speeds of the drive motor and load machine
are measured by sensors. Nominal parameters of the drive system are presented
in Table 1.

In order to evaluate the performance of the proposed control method, the

following three controllers are compared.
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Figure 10: Block diagram of proposed control scheme

1) The proposed control scheme method: This is the proposed adaptive
DSC with FDO, described in Section 4. The controller parameters are given as
k1 =2,ke=12 ks =16,ks =3,72=005 m=m4=1,0 =1, {, =0.01

2) PINN [6]: This is the proportional-internal controller with neural network
(NN) estimator. The control structure with state feedbacks from the torsional

torque and the load-side speed which are obtained by using NN estimators.
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Table 1: Parameters of the two-inertia system

Parameter Value Unit
Power 1.5 kW
Nominal motor voltage 230 v
Shaft length 40 cm
Nominal speed 3600 r/min
Motor inertia J,, 0.0062 Kg-m
Load inertia J; 0.004106 Kg-m
Stiffness coefficient £y 65 N-m

Tracking
Reference

Position Tracking

Time

Position Tracking Error

Time

Figure 11: Position tracking and tracking error of PID method

The controller parameters and NN parameters are chosen the same as [6]. The

transfer function of the PI controller is defined as follows

G(.S):KP+K[/S (63)

3) PID: This is the proportional-internal-differential controller with speed
feedback. The controller gains are tuned by k, = 20, k; = 0.5 , and kg = 3.
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Figure 12: Speed tracking and tracking error of PID method
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Figure 13: Position tracking and tracking error of PINN method

This controller is also similar to the PID controller proposed in [1], and the

expression of the conventional PID controller is defined as

t
uprp = kpe + k; / e(t)dt + kg4é. (64)
JO

For fair comparison, the input signal of three algorithms has the same ref-

erence signal z,, = 0.8sin (27rt/ 5.5). The tracking control performance of the
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Figure 15: Position tracking and tracking error of the proposed method

three controllers are depicted in Figures 11-16, where the tracking performance
of the drive system with proposed control scheme and FDO is given in Figures
15-16, and as a comparative result, the PID and PINN control methods are
given in Figures 11-14. It is clearly see from Figures 11-12 that there are speed
vibrations, and the output can not accurately track the reference signal. Figures
13-14 show that the tracking performance is better than PID control method,

but worse than proposed control scheme which is shown in Figures 15-16. It is
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Figure 16: Speed tracking and tracking error of the proposed method

clear from the comparison of three control methods that the proposed control
scheme produces a very good tracking performance, and there is no obvious
vibration.

To further compare the performance of different controllers, two indices are
adopted: 1) Integrated absolute error TAE = [ |e(t)|dt ; 2) Integrated square
error: ISDE = [(e(t) — eg)?dt (eg is the mean value of the error). For fair
comparison, the proposed control scheme, PID and PINN control methods for
the same reference signal x, = 0.8sin (27715/5.5)7 and the controller parameters
are fixed. The experimental results in terms of performance indices are given in
Table 2. From Table 2, it is clearly shown that the proposed control scheme out-
performs the other two controllers in term of TAE and ISDE, and thus provides
better control, it can acquire smaller tracking error.

Remark 3: The control methods reported in [1], [6] considered the linear
two inertia systems, where the @ineaﬂties including uncertain and extern
disturbance are ignored. These methods may be able to achieve stable control of
the two-inertia system.. However, the nonlinearities can affect the performance
of control system. In this paper, we proposed an alternative control, which

is able to address the unknown disturbance by using dynamic surface control
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Table 2: Performance comparison for difference methods.

z, = 0.8sin(2mt/5.5)

Position error Speed error

IAE ISDE IAE ISDE

PID 0.5949 0.0139 2.2941 0.2481
PINN 0.3699 0.0061 1.0646 0.0572
DSCFDO 0.1898 0.0018 1.0079 0.0559

scheme with FDO.

7. Conclusions

This paper proposed a vibration suppression control design scheme for two-
inertia systems using the adaptive DSC based on FDO. The lumped disturbance
including the uncertainty and disturbance encountered in the two-inertia system
was estimated by the FDO without requiring a prior information. The virbration
of the two-inertia system was effectively suppressed by the proposed DSC design
procedure based on the estimation values. The semiglobally uniform ultimate
boundedness of all closed-loop signals can be guaranteed and the convergence of
the tracking error to an arbitrary small residual set can be achieved. Simulation

and experiment results illustrated the effectiveness of proposed method.

Acknowledgement

This work is support by the National Natural Science Foundation of China
(61433003, 61273150, 61203066, 61321002), the Research Fund for the Doctoral
Program of Higher Education of China (20121101110029).

25


Andris
在文本上注释
and


References

[1]

2]

G. Zhang, Speed control of two-inertia system by pi/pid control, Industrial
Electronics, IEEE Transactions on 47 (3) (2000) 603-609.

K. Szabat, T. Orlowska-Kowalska, Vibration suppression in a two-mass
drive system using pi speed controller and additional feedbacks — compar-
ative study, Industrial Electronics, IEEE Transactions on 54 (2) (2007)
1193-1206.

T. M. O’Sullivan, C. M. Bingham, N. Schofield, High-performance control
of dual-inertia servo-drive systems using low-cost integrated saw torque
transducers, Industrial Electronics IEEE Transactions on 53 (4) (2006)
1226-1237.

S. Thomsen, N. Hoffmann, F. W. Fuchs, Pi control, pi-based state space
control, and model-based predictive control for drive systems with elas-
tically coupled loads — a comparative study, Industrial Electronics IEEE
Transactions on 58 (8) (2011) 3647 — 3657.

M. Cychowski, K. Szabat, T. Orlowska-Kowalska, Constrained model pre-
dictive control of the drive system with mechanical elasticity, Industrial

Electronics IEEE Transactions on 56 (6) (2009) 1963-1973.

T. Orlowska-Kowalska, K. Szabat, Neural-network application for mechan-
ical variables estimation of a two-mass drive system, Industrial Electronics,

IEEE Transactions on 54 (3) (2007) 1352-1364.

T. Orlowska-Kowalska, K. Szabat, Damping of torsional vibrations in two-
mass system using adaptive sliding neuro-fuzzy approach, Industrial Infor-

matics, IEEE Transactions on 4 (1) (2008) 47-57.

T. Orlowska-Kowalska, M. Dybkowski, K. Szabat, Adaptive sliding-mode
neuro-fuzzy control of the two-mass induction motor drive without mechan-
ical sensors, Industrial Electronics, IEEE Transactions on 57 (2) (2010)
553-564.

26



[9]

[12]

[13]

[15]

[16]

[17]

K. Szabat, T. Tran-Van, M. Kaminski, A modified fuzzy luenberger observ-
er for a two-mass drive system, Industrial Informatics, IEEE Transactions

on 11 (2) (2015) 531-539.

K. Itoh, M. Iwasaki, N. Matsui, Optimal design of robust vibration sup-
pression controller using genetic algorithms, Industrial Electronics, IEEE

Transactions on 51 (5) (2004) 947-953.

M. Iwasaki, M. Miwa, N. Matsui, Ga-based evolutionary identification algo-
rithm for unknown structured mechatronic systems, Industrial Electronics,

IEEE Transactions on 52 (1) (2005) 300-305.

M. Tomizuka., Controller structure for robust high-speed/high-accuracy
digital motion control, Proc. IEEE Int. Conf, Robot. Automat.,San
Diego,(1995).

W. Li, Y. Hori, Vibration suppression using single neuron-based pi fuzzy
controller and fractional-order disturbance observer, Industrial Electronics,

IEEE Transactions on 54 (1) (2007) 117-126.

J. N. Yun, J. Su, Y. I. Kim, Y. C. Kim, Robust disturbance observer for
two-inertia system, Industrial Electronics, IEEE Transactions on 60 (7)

(2013) 2700-2710.

M. Krstic, P. V. Kokotovic, I. Kanellakopoulos, Nonlinear and adaptive
control design, John Wiley & Sons, Inc., 1995.

H. Sun, S. Li, J. Yang, L. Guo, Non-linear disturbance observer-based
back-stepping control for airbreathing hypersonic vehicles with mismatched

disturbances, IET Control Theory & Applications 8 (17) (2014) 1852-1865.

H. Sun, S. Li, J. Yang, W. X. Zheng, Global output regulation for
strict-feedback nonlinear systems with mismatched nonvanishing distur-
bances, International Journal of Robust and Nonlinear Control (2014) n/a—

n/adoi:10.1002/rnc.3216.

27



[18]

[20]

[21]

[24]

[25]

[26]

S. Li, H. Sun, J. Yang, X. Yu, Continuous finite-time output regulation for
disturbed systems under mismatching condition, Automatic Control, IEEE

Transactions on 60 (1) (2015) 277-282.

J. Na, X. Ren, G. Herrmann, Z. Qiao, Adaptive neural dynamic surface
control for servo systems with unknown dead-zone, Control Engineering

Practice 19 (11) (2011) 1328 — 1343.

G. Sun, X. Ren, Q. Chen, D. Li, A modified dynamic surface approach for
control of nonlinear systems with unknown input dead zone, International

Journal of Robust and Nonlinear Control 25 (8) (2015) 1145-1167.

S.-C. Tong, Y.-M. Li, G. Feng, T.-S. Li, Observer-based adaptive fuzzy
backstepping dynamic surface control for a class of mimo nonlinear systems,
Systems, Man, and Cybernetics, Part B: Cybernetics, IEEE Transactions
on 41 (4) (2011) 1124-1135.

T. Zhang, S. Ge, Adaptive dynamic surface control of nonlinear systems
with unknown dead zone in pure feedback form, Automatica 44 (7) (2008)
1895 — 1903.

J. Fei, J. Zhou, Robust adaptive control of mems triaxial gyroscope using
fuzzy compensator, Systems, Man, and Cybernetics, Part B: Cybernetics,

IEEE Transactions on 42 (6) (2012) 1599-1607.

J. Fei, W. Yan, Adaptive control of mems gyroscope using global fast ter-
minal sliding mode control and fuzzy-neural-network, Nonlinear Dynamics

78 (1) (2014) 103-116.

Y. Li, S. Tong, Y. Liu, T. Li, Adaptive fuzzy robust output feedback con-
trol of nonlinear systems with unknown dead zones based on a small-gain

approach, Fuzzy Systems, IEEE Transactions on 22 (1) (2014) 164-176.

Y. Li, S. Tong, T. Li, Fuzzy adaptive dynamic surface control for a single-

link flexible-joint robot, Nonlinear Dynamics 70 (3) (2012) 2035-2048.

28



[27]

[30]

E. Kim, A fuzzy disturbance observer and its application to control, Fuzzy

Systems, IEEE Transactions on 10 (1) (2002) 77-84.

T.-S. Li, S.-C. Tong, G. Feng, A novel robust adaptive-fuzzy-tracking con-
trol for a class of nonlinearmulti-input/multi-output systems, Fuzzy Sys-

tems, IEEE Transactions on 18 (1) (2010) 150-160.

Y. Li, S. Tong, T. Li, Composite adaptive fuzzy output feedback con-
trol design for uncertain nonlinear strict-feedback systems with input
saturation, Cybernetics, IEEE Transactions on PP (99) (2014) 1-1.
doi:10.1109/TCYB.2014.2370645.

J.-J. E. Slotine, W. Li, et al., Applied nonlinear control, Vol. 199, Prentice-
hall Englewood Cliffs, NJ, 1991.

29



