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Abstract: Aiming at the control problem of dual-motor driving servo system with backlash nonlinearity, a model for the system is
introduced. Two adaptive fuzzy systems were used to approximate the nonlinear part and unknown parameters in system online, to
avoid the complex calculation in deducing the adaptive law of each unknown parameter. By using improved backstepping approach
and recursively selecting the Lyapunov function, introducing the virtual control quantity and the integration of position tracking
error, an adaptive fuzzy controller with state feedback was designed, and its stability was analyzed. System response analysis and
system robustness analysis were considered in simulation test for comparing the improved backstepping control with conventional
backstepping control. Simulation results show that the improved backstepping control has better position tracking performance and
robustness than conventional backstepping control. Finally, experimental analysis also validates the effectiveness and efficiency of
the proposed control strategy.
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1. INTRODUCTION

Backlash nonlinearity widely exists in artillery turret system, radar, machine tools, robots, efc. In mechanical
transmission system, the existence of backlash nonlinearity affects the dynamic performance and steady state accuracy
of system [1]. Simultaneously, the mutual collision of gears can also produce severe oscillation and noise [2]. Hence, in
order to weaken the adverse effect of backlash nonlinearity on system, the control strategy of backlash nonlinearity
should be studied, which has important theoretical significance and engineering application value.

In domestic and foreign research results, a variety of nonlinear models have been established according to the
different characteristics of backlash nonlinear, mainly including the hysteretic model [3], the dead-zone model [4, 5],
and the impact model [6]. On the other hand, the control methods of system with backlash are being frequently
developing, such as adaptive inverse method [7, 8], robust adaptive control [9 - 11], fuzzy logic control [12, 13], neural
network control [14, 15] and so on. In recent years, backlash nonlinearity compensation strategies have also been
studied by many scholars. Jozef [16] adopted a three-block cascade model to identify the parameters of nonlinear
dynamic systems with input saturation and output backlash. In [17], aiming at a class of periodically time-varying
systems with input backlash, an adaptive controller is designed. In [18], for a class of time-varying nonlinear systems
with input backlash, an iterative learning control method is proposed. In [19], a nonlinear control system considering
the uncertainties of the backlash of nonlinear plants is proposed. A robust nonlinear control system is designed. The
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effectiveness of the proposed system is confirmed by simulations. In [20], by applying the ER damper to the DD motor
system, it is possible to obtain mechanical damping and to realize a high servo gain in the motion control. And the
effectiveness of the proposed system is confirmed experimentally. In [21], a new switched reluctance motor for hybrid
motion control is presented. Accordance of experimental values with the FEA results certifies the performance and
applicability of the motor. However [16 - 21], backstepping control strategy has not been used.

Backstepping adaptive control has the features of simple algorithm and strong robustness, and has been applied
successfully in some practical industries and aerospace control systems, the algorithm itself has high maturity. In [22], a
double degree freedom backstepping control method is proposed for position tracking of rocket launcher. The
simulation and experiment results show that the proposed approach can guarantee the response speed and control
accuracy and has a strong robustness for the load disturbance and parameter perturbation. In [23], a backstepping
controller is proposed for blended control missile. Simulation results demonstrate the superiority and effectiveness of
the control scheme. Geng Bao-Liang, ef al. [24] investigated the prescribed performance backstepping control problem
for a class of uncertain strict-feedback nonlinear systems whose control gains are unknown functions. The designed
controller guarantees that the prescribed transient and steady state error bounds are satisfied and all state variables are
bounded. The effectiveness of the proposed scheme is validated by simulation. Zong Q, et al. [25] designed a robust
adaptive backstepping control scheme of flexible air-breathing hypersonic vehicle with input constraint and
aerodynamic uncertainty. The simulation results validate the effectiveness of proposed control strategy. However, all
the backstepping control strategies used in [22 - 25] are conventional. In addition, backstepping control is rarely used
alone, and is usually used in conjunction with other control methods. In [26 - 28], backstepping control in conjunction
with fuzzy control, namely backstepping fuzzy control, has been successfully applied in nonlinear system. But the
controlled object is not dual-motor driving servo system. In [5], backstepping control has been used in servo system
with backlash, but the servo system is single-motor driving system and the backstepping algorithm is also conventional.
Moreover, single-motor driving system has been unable to meet the needs of many high-power occasions.

In this paper, aiming at the dual-motor driving servo system, an improved backstepping control strategy is proposed
introducing the integration of position tracking error so as to ensure system tracking error asymptotically stable which
tends to zero better under the condition of uncertain system model. Two fuzzy approximation systems are introduced in
the process of designing backstepping controller, which not only saves the trouble of deducing the adaptive law of each
unknown parameter, but also avoids the problem of multiple derivations in backstepping design, weakening greatly the
complexity of the controller design.

This paper is organized as follows: system modeling is given in Section 2. The design of backstepping controller is
presented in Section 3. Simulation analysis and experimental analysis in Section 4 and Section 5 to show the
effectiveness of the proposed strategy. Section 6 concludes this paper.

2. SYSTEM MODELING

The schematic diagram of dual-motor driving servo system is shown in Fig. (1). O, is driven-subsystem, O, and O,
are driving-subsystems.

Fig. (1). The schematic diagram of dual-motor driving servo system.

Assumption 1: In the control process, driven-subsystem O, contacts with O, and O, alternatively. It was guaranteed
by exerting two bias torques on O, from the output terminal of O, and O, respectively. The bias torques are equal and
opposite. The block diagram of dual-motor driving servo system is shown in Fig. (2).
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Fig. (2). The block diagram of dual-motor driving servo system.

According to [29], the state equation of system can be expressed as follows:
X, = Xy
. 2
Xp =—84X, +83 7]
i=1
o (0))
Xgi = —89%g; — (89 — &)X+, (U(t) — (-1)' W) p
—(ay+a3)r;p+8r%az @

y=X

ao—bi L p=1-8ra e w—eﬂi(l_eini)

where ‘]i e J 172 ‘]i 193 ‘]m ! (1+e—l'Zi )2 ! (1+e—l’2i )3
In practical system, J,, J,,, b, b,,, k and ¢ are uncertain because they are affected by temperature, lubrication and
material wear. They are all regarded as unknown parameters in the process of controller design. The goal of this paper

is to design adaptive controller so as to make system output y asymptotically stable tracking the expected output y,,

m

namely t"jyy —Yq | =0.

3. BACKSTEPPING ADAPTIVE CONTROL BASED ON FUZZY PARAMETER APPROXIMATION

From egs.(1), it can be seen that O, and O, are parallel relationship, and they are connected in series with O . In this
section, the control variable of each subsystem is recursively selected by backstepping control strategy. Two fuzzy logic
systems are used to approximate nonlinear component including unknown parameters.

Assumption 2: System parameters & (), O, (1), €, (t) and €,(t) are all measurable.
Assumption 3: Parameters J;, J, k and ¢ are bounded:

0<]J 0<k,,<k<k

1minSJi§J' O<J O<C

imax> mmin — Jm — Jm max> min max> min = €= Crpgy

Assumption 4: If z(t) is bounded, then x;; and x,; are all bounded. Suppose X;; nin < X3 < Xsi max> X min = Xai < Xai max-

3.1. Fuzzy Approximation System

In order to not only satisfy the adaptive unknown parameters and the tracking accuracy of system, but also to avoid
the complex calculation of each parameter’s adaptive law in backstepping process, two adaptive fuzzy systems are
employed to approximate the nonlinear part in system [30].

Using the following fuzzy system:

M
f(x) =D &(x)86 =07 &(x) @
1=1
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where f(x) is the output of fuzzy system, X' = (x,, X,, ..., X,)' is the input of fuzzy system, M is the total number of
fuzzy rules, 6 =(0,, 0,, ..., 0,)" is adjustable parameter vector, &'(x) = (§,(x), &(X), ..., &,(x))" is fuzzy basis function, its
definition is as follows:

Hﬂl(x)
M n
D I Try 06)

=1 i=1

G(x) = 3)

where ) (%) is membership function. By the almighty approaching theorem, it can be seen that this fuzzy system
can approximate any degree of accuracy to any continuous function in a compact domain.

3.2. Controller Design

Step 1: Define position tracking error e, as:
G=Y-Ya =%V
where y, = 6, (1) is desired position output.

The derivative of e, is:
€ =% ~Yg =%~V
Choose the following control Lyapunov function(CLF):

1,
V, ==
1 231

Its derivative is:

Vi =g = (X~ Yq)
Let e, be virtual control variable, suppose the expectation of x, is 1,, define the error between x, and 1, is e,, namely:

€ =X—1
if,
. t

m =—K& + Y4 Ko Io & (r)dr

then,

Vi =ey (& +77— V) =ey(6, — Koy + Yy ‘kof;el(f)dT—Yd) = ke +ee, —koe A

t
where k,> 0, k, > 0 are adjustable parameters, A is the integral of position tracking error, A= Joel(z')df ..

The purpose of A is to ensure that system position tracking error which is asymptotically stable can tend to zero
under the condition of uncertain system model.

Step 2: Let x5, + X5, be virtual control variable, augmented CLF V, can be chosen as follows.

J 1
V, =V, + g2 4 ~k, A?
2 1 2k 2 2 0

Its derivative is:
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According to assumption 3~4, it can be seen that:

2
c 2C
EZXM < K e X4i max = dy
i=1 min
where d, > 0 is a constant.
In eqs.(4), nonlinear function N, is:
m JI’T'I -
N; =TX2 +T771 -8

Zhao and Wang

-N; +

C 2
2 Kal @
i=1

N, contains unknown parameters b,,, J,,, k, an adaptive fuzzy system is available to approach them:

N; = 91*T§(€1) +é&

®)

*
.. . . . .. . . - T . .
where & is ideal approximation parameter, €, is minimum approximation error, & = (e, e,)" is the input error vector

of fuzzy system.

Suppose the expectation of x5, + X;, is 1,, define error variable e, as follows:

€3 = Xg1 + X3 =77,

N d’e
) :ele(el)—kzez—41 2

Sa1

2 2
where él is fuzzy estimate parameter, klz =k, +d_1 > 1is adjustable parameter, _ die,
€y > 0. Ed1 4eqy
Then we can get:
2 2 2
dye, ¢ d,e,
e, [- 2+ =% x,1< - +le,]d, < &g,
4y KD 4y,

Substituting eqs.(5-8) into eq.(4), we can get:
V, < —kief —kyef +e,83+6,[0 E(6) — 1]+ 51

~ ~ * . . .
where 4 =6 -6 " is the parameter estimation error.

Step 3: Let x,, + X, be virtual control variable, augmented CLF V, can be chosen as follows:
1.
Its derivative is,

\/3 s- 1912 - kzez2 +ez[é1T§(§1) —&]+e3(8y + Xgy +Xgp —77p) + Eg1

(6)

(M

is robust control term,

@®

©)

(10)
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Suppose the expectation of x,, + x,, is 1;, define error variable e, as follows:

€4 =Xg1 + X4 — 113 an
if,

13 =—Ks€3—€, +7]; 12)

where k; > 0 is adjustable parameter.

then we can get eq.(13) after substituting eqs.(11), (12) into eq.(10).
Vs < —kyef —kpe7 —kae +e58 +€,[0 $(&) 1]+ e a3)
Step 4: We chose augmented CLF V, as follows:

‘]1‘]2 e2

V, =V, 4192
S 2(3;+3,)

Its derivative is,

) JZ )N CACERLY R

—ke? —k,e3 —kqeZ +e,[0] £(8) — 5]+ &4, + &4 x[put) =N, —
‘]1 2 i=1 ‘]i‘]m

According to assumption 3~4, it can be seen that:

JiJd, pk(Ji+J5) < Jizmax( i max + Jm max )
Z( X3i) <= Kiax 2 3i max = U2
Jl""]Z ‘]i‘]m ‘]|m|n‘]mm|n
where |p| < 1, d,> 0 is a constant.
In eq.(14), nonlinear function N, is:
JyJ pC(J+J) 2b b J, -1 . .
=2 (Z( 4.)+Z i+ 2 (G — (PR wp - 16ri @ iy — 3)
J 2 i=1 i=1 ‘]i Jm ‘]1‘]2

N, contains unknown parameters b, J.., b, J,, ¢, an adaptive fuzzy system is available to approach them:

N, =6, (&) +&, (15)

*
.. . . . . . . - T . .
where®, is ideal approximation parameter, &, is minimum approximation error, &, = (e,, e,)' is the input error vector
of fuzzy system.

If we choose control input u(t) and the adaptive law of él, éz as follows:

N d2
u(t) = %[95 E(@) Ky ——2%] (16)
él = r1‘)5(9_1)'32 - Zél 17
0, =T,E(8,)e, - 20, (18)

2 2
>0 is adjustable parameter, — d3e is robust control
E42 deyy

where él : éz are fuzzy estimate parameters, k, =k, +
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term, ¢,, > 0, I'; and I, are all positive definite diagonal matrixes.

Then in the same way as eq.(13), we have:

2 2 2 2
d,e, J; d,e,
e,[- —,Ok(l"'_)z Xl - +|e4|dz<gd2 a9
4eq, o i €42
Substituting egs.(15), (16), (19) into eq.(14), we can get:
V, < —ke? —kqes —kqe? —k,e2 +e,[0 £(8) - 0; x&£(8,) - (20)
4 < ke —koes —Kges —kse5 +6,[0) £(8) — & ]+ e4[0, xE(8) — ]+ £41 + &4

where g, =@, —6,'  is parameter estimation error.

3.3. Stability Analysis

Theorem 1: The error variable ¢ = (e, ¢,, ¢;, ¢,) of the closed-loop system containing controlled object eq.(1),
control input eq.(16) and adaptive law eqs.(17), (18) is bounded. Simultaneously, e converges to a sufficient small
neighborhood of the origin according to the exponential law.

Proof: We choose augmented CLF V; as follows:

We can calculate the derivative of V, according to eqs.(17), (18), (20):

4
Vo < -3 kie —e,e, —e,5, +26, ' T;'6,~ 26, T,'6, +20,' T,'6,-26,T,'0, + &4, + &4,

i=1

4 ~ ~ *° * ~ ~ o * 22
<-Y kie? —e, — 848, —%eﬁrglal +26, 1,6, —%9; 1510, + 20,1520, + &4, + £4, — kZ A? + k& A? @2

i=1
<-dyVs + 5

where,
- 2kk 2k J \] *° * * *
d = mm{Zkl, 3 2. 2k,, 401+ 3p) ,2k0,1} 0 =20, "T10, +205 T30, + &4 + &4, + kG A2
m 1v2

Calculating the integral on both sides of eq.(22), we have:

Vg (t) < e %0 (0) +Z—°(1—e’d0t)
0

According to eq.(21), we have:

2 . 2g,
e, (1) =< 2V (1), lime (1) s [—
t— o 0

2 2k . 2ke,
e, (1) <= —V (1), lime,(t) <

‘]m tow ‘deO
2 . 2&4
ey (1) < 2V (1), limey(t) < [—

t— o d
0
2(3,+3,) 2(J;+3,)¢,

2 .
e, (t) < Vo (1), lime,(t) <
t—> o J,J.d

']12 1¥2%0
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According to almighty approaching theorem, we can suppose |¢,| < ¢, and |g,| < ¢,, where ¢, and c, are both very
small positive constants. If the condition of adjustable parameters k,,k, k;,k, is chosen, we can choose very small, c,, c,,
I'," and T, to ensure that ¢ is sufficiently small, which can ensure that the error variable ¢ = (e,, e,, e, €,) converges to a
sufficient small neighborhood of the origin according to the exponential law.

4. SIMULATION

System physical parameters are defined in Table 1:

Table 1. System physical parameters.

Jints | 0.185kg.m’
J. 0.028kg.m
b,.b, | 1.2N.m.s/rad
b, 1.3N.m.s/rad
K | [560 + 2sin(mt)]N.m/rad
c [0.15 + 0.01sin(mt)]N.m/rad
o | 0.5rad

In simulation, we choose the design parameters as follows:

k,=0.8,k = 5.6k, =037k, = 18, k', = 20.
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(a) System response for square wave signal. (b) Tracking error for square wave signal.

Fig. (3). System response and tracking error for square wave signal.

The following simulation graphics are the comparison charts of conventional backstepping control(CBC) and the
improved backstepping control(IBC).

4.1. System Response Analysis

Fig. (3a) is the system response curve for square wave signal input. Fig. (3b) is the tracking error curve for square
wave signal.

Figs. (4a & 5a) are the system response curves for sinusoidal signal input by using CBC and IBC, respectively.
Figs. (4b & 5b) are the tracking error curves for sinusoidal signal by using CBC and IBC, respectively. From Figs.
(3-5), it can be seen that the system has poorer tracking performance and larger tracking error when using CBC. In Fig.
(3a), the response overshoot is larger and larger indicating the poorer stability of CBC. But the system can achieve
better tracking performance and smaller tracking error when using IBC.
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Fig. (4). System response and tracking error for sinusoidal signal using CBC.
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(a) System response for sinusoidal signal. (b) Tracking error for sinusoidal signal.

Fig. (5). System response and tracking error for sinusoidal signal using IBC.

4.2. System Robustness Analysis

In Fig. (6), 5N-m disturbance signal is applied to system at 5s, the system has frequent oscillation process and needs
more time to achieve asymptotically stable tracking process again when using CBC. But the system has nearly no
oscillation and needs less time to achieve asymptotically stable tracking process again when using IBC. In Figs. (7 & 8),
20N-m disturbance signal is applied to the system at 5s, the system not only has a larger fluctuation at 5s but also the
tracking performance becomes worse after 5s when using CBC. But the system tracking performance does not become
worse after 5s, but only has a smaller fluctuation at 5s when using IBC. Thus, IBC has better robustness than CBC.

-- CBC
- IBC

Fig. (6). System step response containing disturbance.
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Fig. (8). System response and tracking error for sinusoidal signal using IBC when disturbance exists.
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Fig. (9). The overall structure of dual-motor driving servo system.
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5. EXPERIMENTAL ANALYSIS

The overall structure of dual-motor driving servo system is shown in Fig. (9). Motor is the M-405-C-Al type
produced in Tianjin Cole Morgan Industrial Co., Ltd. Driver is the BDS4 type also produced in Tianjin Cole Morgan
Industrial Co., Ltd. Multifunctional data acquisition board is the ADT-700 type. Anti-backlash board and shaft encoder
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board are all self-developed, and domestic shaft encoding chip KXSZ19 is chosen. Rotating transformer is the
110XFSWO008 type. System backlash is 4mil(mil is angle unit, 360 degree is equal to 6000mil). System performance
index is as follows.

1) When step signal input is 1000mil, overshoot is less than 4%, regulating time is less than 0.8s, steady state error
is less than 10mil;

2)When sinusoidal signal input is 1000mil/s, 1000mil/, steady state error is less than 5Smil.

Fig. (10) is 1000mil step response curve. In Fig. (10a), we can see that overshoot is about 15%, regulating time is
about 1.5s, the maximum steady state error is about 20mil. But in Fig. (10b), overshoot is about 0.2%, regulating time is
about 0.5s, the maximum steady state error is about 6mil. Fig. (11) is 1000mil/s, 1000mill/ s2 sinusoidal response error
curve. In Fig. (11a), the maximum steady state error is about 7.4mil. But in Fig. (11b), the maximum steady state error
is 2. 1mil.

ol i i I S P AN T N SN N SN T SN S
] 05 1 15 2 25 3 is ) 45 5 a 05 1 15 2 25 3 is 4 45 s
s s

(2) CBC (b) IBC

il
o
o
>
ig
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(a) CBC (b) 1BC

Fig. (11). Sinusoidal response error curve.

6. CONCLUSION

In this paper, the improved backstepping adaptive controller of dual-motor driving servo system with backlash
based on fuzzy parameter approximation was designed. Through the analysis of square wave and sinusoidal signal
response of system, it can be seen that the system has better tracking performance and smaller tracking error when using
IBC. In Fig. (3a), the response overshoot is very small indicating better stability of IBC. In the analysis of system
robustness, after the application of disturbance signal to system, it can be seen that the system has smaller oscillation
and needs less time to achieve asymptotically stable tracking process again by using IBC. Consequently, the proposed
control strategy has the characteristics of higher tracking accuracy, faster response speed, better stability, better
robustness and adaptability than conventional backstepping control. But the existence of friction nonlinearity has not
been considered in the system. Our future work will be considering the friction nonlinearity.
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