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Abstract— The objective of this paper is to design a robust controller for a system modeled
as a two-mass system, with a flexible coupling. Here, the flexible Joint between two-mass
systems is characterized by a spring. In fact, a two-mass system represents most of an
industrial drive, like rolling mill drives, automated arms, conveyor belts, and so on, that
has a flexible joint, for which oscillation suppression and robust control against model
uncertainties and external disturbances are very important. The proposed controller is
based on sliding mode control with a back-stepping approach. Two subsystems (upper and
lower) strategies are proposed for two- mass systems. On this basis, the classical sliding
mode controller for each subsystem based on Lyapunov stability theory and sliding mode
control theory is addressed to eliminate the influences of the parametric uncertainties,
nonlinearities, and external disturbance load with the aid of sliding mode perturbation
observer. Finally, comprehensive simulations are conducted to demonstrate the excellent
performance of the proposed method.

Index Terms—Two-mass system, Flexible joint, Sliding Mode Control, Back-stepping approach.

I. INTRODUCTION

The drive and the load in many industrial applications are connected by a coupling shaft
which cannot be modeled completely by a rigid body, such as steel rolling mills drives,
flexible robot arms, conveyor belts. In many cases of the above applications, the process can
be characterized as elastic coupled two-mass systems. If the coupling is not stiff enough in
two-mass systems, various vibrations are caused by a torsional torque. Flexible joints lead to
elastic torsion, thus, the two-mass systems have the tendency to swing [1].

In various applications such as robots, machine tools, systems, electric driving systems
with flexible joints are widely used. Due to the flexible joint, non-linear friction, and
backlash, the dynamic performances of speed and the position-controlled multi-mass driving
system can deteriorate [1]. These vibrations need to be suppressed actively, therefore; this
can be a problem for standard classical control strategies.

Many methods have been used to control the speed or position in order to achieve good
performance. One of the most popular control methods in the rotary positioning systems or speed control
is a PID controller, the tasks for the control of the two-mass resonant system suppress the shaft torsional
vibration, reject the external load disturbance and tracking the speed of load to the speed of reference
without overshoot are proposed in [2-4]. For adjusting the feedback gains of the PID controller for pre-
designed load inertia, there are many gain tuning methods of PID control as given in [5, 6].

As well, in spite of the existence of the nonlinearities between the motor and the load,
also without using the motor side sensing element, semi-dual loop control designed with
luenberger state observer to feedback the motor side velocity was presented by [7] to
improve the positioning performance.

The adaptive back-stepping control in [8] is proposed to overcome systems with
nonlinear stiffness. As well as the friction torques on the end of the shaft are considered. So,
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this controller is able to remove the shaft oscillations and to compensate for the nonlinear
friction with the presence of unknown parameters.

Another different concept to test and evaluate the torsional vibration suppression in the
two-mass system is used in [9] based on the model reference adaptive system with a fuzzy-
neural controller and one basic feedback from easily measured motor speed. Neural
Networks (NNs) based speed estimation is proposed in[9] for the uncommon sort of the
drive system with a flexible association between the determined motor and load.

Robust tracking and vibration suppression for a two-mass system are proposed in [10]
which is combining between two controllers, one controller designed by the back-stepping
approach for the outer loop and the other controller designed by the new partial disturbance
observer (DOB)for the inner loop. On the other hand in [11], the adaptive robust control
(ARC) has a better tracking performance and transient in the presence of discontinuous
disturbances, such as friction, and it is of a lower order compared with disturbance observer
(DOB).

Disturbance observer which is added to the Kalman filter in order to have robustness
against the system errors and motion controller were proposed in [12] to improve the
robustness of the system. As well the motion controller is robust to the disturbance and the
parameter variations. A common nonlinear control design by means of exact linearization
has been proposed in [13].

When the load is connected to the driving motor by a long shaft, a finite and small
elasticity of the shaft gets magnified and has a vibrational influence on the load speed. This
vibration is not only undesirable but also the origin of the instability of the system in some
cases. Imperfect derivative feedback of the estimated torsional torque controller is proposed
[14], where this controller consists of three simple elements: the disturbance observer, the
imperfect derivative filter, and the feedback gain.

A classical control structure of sliding mode control using a two-mass drive system has
the chattering phenomenon seems to be a big obstacle. In order to eliminate this
phenomenon, and to improve the characteristics of the performance of the system,
investigating an integral sliding mode control(ISMC) with an adaptive low pass filter (LPF)
as proposed[15]. The observer-based discrete-time sliding mode (ODSM) control
implementation for a two-mass system coupled with a flexible shaft to speed control is
proposed by [16].

As the studies showed, the SMC guarantee insensitivity to parametric variation and
external disturbances. Due to this, it a very attractive control method, because it meets
modern, high requirements.But unfortunately, such a control method has a phenomenon
namely — the chattering effect. This phenomenon may cause damage to system components.
However, due to the characteristic of the SMC, many efforts have been made to minimize or
eliminate the chattering. In addition to the SMC is developing by many scientists, who have
been trying to implement it in many advanced, practical applications working in difficult
environments such as a steered-by-wire road vehicle [17-24].

In the present work, the SMC theory-based backstepping approach will be utilized to design a robust
controller that makes the position of the load part of the two-mass system follow the desired position
with high precision. The proposed controller in this work will use the sliding mode perturbation
estimator and the sliding mode differentiator in order to estimate an unknown perturbation and required
derivatives in its formula.
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Il. SYSTEM DESCRIPTION AND PROBLEM STATMENET

Flexible joints are widely used in industrial robotics. This can be seen in many applications
especially in flexible robot arms, where the drive and the load are connected by a flexible joint which
cannot be modeled completely by a rigid body [1]. The flexibility at a joint can be characterized by a
linear, torsional spring as indicated in figure 1.

Inflexible joint robot manipulators, the elasticity of the transmission devices on the joints has

been taken into account. Considering the effect of joint flexibility would develop a more exact model
of an industrial robot. However, further complexity is added to the robot model, which raises a new
control problem and therefore motivated the researchers in this relevant field to further indulge [25].
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FIGURE 1: FLEXIBLE JOINT ROBOT.

A. Mathematical model of the system

A two-mass drive system with an elastic joint is shown in figure .2. This model for the flexible
system is considered in this work, which can be described in the per-unit system.

The two-mass resonant system is consisting of two lumped inertias J_mand J_I, representing the
motor and load, respectively, which coupled via a shaft of finite stiffness k_s. The first mass represents
the load mass while the second mass represents the motor mass. The two-mass system is subject to
torsional torque T_spand excited by a combination of electromagnetic torque T_m and load torque T_I.

Generally, the angular position 8 m and angular velocity ® m of the motor shaft differ from the
respective variables 8 1 and o I on the load side. The torsional torque equals the load torque only in the
steady-state. Table 1 gives a definition of the two-mass system.

On W Tn T 0,0, T,
FIGURE 2: TWO-MASS DRIVE SYSTEM

TABLE 1: THE PARAMETERS OF THE TWO-MASS SYSTEM[26]

Symbol Quantity
K, shaft stiffness
Jm motor inertia
I load inertia
B, coefficient of motor viscosity
B, coefficient of load viscosity

The state equation of two-mass resonant system is as follows[27]:
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]mém =T — Ks(O — 6)) — Bmém 1)
]lél = K0 — 6)) — Blél =T (2
For the convenience of controller design, the following state variables are defined
(601, Wi, O, 0 ]" = [x1, %5, %3, %417

Also, the motor torque T, is considered here as the control input; so set T,,, = u, thus, the dynamics in
(4) and (5) can be rewritten as follows:

.X'l = xz
)‘CZ = _ﬁxl _ﬂxz +ﬁx3 _iTL |
i i Ji i (3)
5(3 - x4,
ty= Ry =By, Bmy, 1y
YTt m T mt  m
Consider the plant dynamics as follows;
X1 =Xy } @
_ _K, . _B Ks o =L
Xy ]xl ]lx2+]x3 ]zTL
K B; K 1 . .
Let a; = —hd2 =T b, = m ,d(t) = —]—TLand u; = x3. Equation (4) accordingly
1 l l l
becomes;
.7.C1 =Xy } (5)
)'CZ = a1x1 + a2x2 + blul + d(t)
The uncertainty in the above equation consists in the stiffness value; i.e., K can be written as
KS = Ksn + AKS - al = aln + Aal, bl = blTl + Abl
Equation (5) is then written as;
)'Cl =Xy } (6)
Xy = QipX1 + AopXy + bipup + 6,(¢)
WhereaZn = az, and
6;(t) = Aayxy + Abyu; + d(t) (7
Now, consider the motor dynamics as follows;
X3 = Xy }
_ K, Ky o Bmy 1 ®)
X =g T T et
K K Bm 1 . . )
Letc; = —=,¢c, = ——, ¢3 = ——"andb, = —. Equation (8) accordingly becomes;
Jm Jm IJm Jm
5C3 = X4 } (9)
5C4 =cC1X1 + Cyx3+Cc3x4 + bzu

As for in Eqg. (6), the uncertainty in Eq. (8) consists in the stiffness value; i.e., in Kg magnitude and
can be written
KS = KSTl + AKS - C1 = Cln + ACl &C2 = C2n + ACZ
Equation (9) is then written as;
X3 = X4 }

. 10
X4 = CipX1 t+ ConX3 + C3nX4 + Doyl + 8, (1) (10)

wherecs, = c3, by, = b, and
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6m(t) == AClxl + AC2x3 (11)

Note that in Eq. (6) and (10), the subscription refers to the functions with nominal parameters, 6 | and
d_m are the terms of the perturbation, which they act on the dynamics of the first and the second mass
respectively. The first and the second subsystems are referred to them here as the upper and lower
subsystems respectively.

Eventually, from the two-mass system model in Eg. (6) and Eqg. (10), the following points can be noted;
1) The two-mass system model is an underactuated mechanical system. That because the system
modeled with two degrees of freedom (DOF), but actuated by only one control input (the motor torque).
Designing a controller for the underactuated mechanical system is a difficult task since we need to
control 2DOF by only one control.

2) The matching condition is not satisfied. That because the control input does not exist in the upper
subsystem dynamics (the load mass), which is affected by the perturbation 8 1 (t,x).

In this work, a nonlinear controller will be designed using the sliding mode control theory. The sliding
mode control will be designed for each degree of freedom separately with the aid of a perturbation
observer used to estimate the perturbation term & 1 (t,x) which enables us to solve the matching condition
problem. Then using the Back-stepping approach, the control law can be derived. The proposed
controller will enforce a desired behavior on the load mass. Using the Back-stepping approach will
enable one control input from controlling the two-mass system.

I1l. CONTROLLER DESGIN
A. Sliding Mode Control

The sliding mode control (SMC) method is recognized as one efficient tool to design a robust
controller for complex high-order nonlinear dynamical systems because it has superb characteristics
such as insensitivity to large parameter variations; it’s operating with the presence of disturbance inputs,
and its ability to reject it. These characteristics gained SMC significant interest in recent years and made
it a more attractive control method [1]. Unfortunately, this control method has also a phenomenon
namely the chattering effect, which may cause a glitch to system components in practical engineering
systems.

However, many efforts have been made to minimize the chattering phenomenon. As well as this
method is still being developed and implemented in many practical applications such as an underwater
vehicle, a steered-by-wire road vehicle[15].

B. Control Design Steps

In this section, a convenience strategy to design a sliding mode controller will be presented. Firstly,
we will divide the system in Eg. (3) into two subsystems; upper and lower subsystems. For each
subsystem, the sliding variable is assigned based on the standard or 1st order SMC theory. The objective
from the designed controller is to force state trajectories into the level zero for each sliding variable. The
loci of the points of the sliding variable level zero are called the sliding manifold or switching surface.
After designing the SMC successfully, the state trajectory is directed towards the sliding manifold and
then maintained it on this manifold for all future time. As a result, the state moves toward the origin or
its neighborhood and stays there for all next time. This behavior is known as the reaching and sliding
phases; which are depicted in Figure (3) for a typical second-order system [29].
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As mentioned above, the SMC is designed for each subsystem; so, for the upper subsystem as in

Eqg. 6, let

u = (i) (Win + wis)

(12)

where uy, is the nominal control, which will be determined later.For the upper subsystem, the sliding

variable s;is defined as

S = él + Alel

wherel; > 0 is a design parameter, e; and ¢; are defined as

€ = X1 — xm}
€] = Xz — Xiq

The nominal control for the upper subsystem is selected as;

Uy = —QpXq — QppXy + X10— 1€ — 0

where &, is perturbation estimation and it will be determined in the section (4).
The second term in the control law is u;s which it is taken here as

U = —k; x5

The value of k;, is determined using the following non-smooth Lyapunov function:

Vi = sl

(13)

(14)

(15)

(16)

(17)

To ensure the attractiveness of the sliding manifold(s; = 0), k; is selected such that the derivative
of the Lyapunov function V; is negative definite as can be shown in the following steps;

V, = sgn(s) * }
]

= sgn(sy) * [a1nXy + AznXy + bipuy + 6;,(t) — ¥14+11€

After substituting the proposed controller inV;, we obtained

Vi = sgn(sy) * [ainXy + aznXz + Uy + U + 6;(6) — F14+24, €]
= sgn(sy) * [—k; * 5]
< —k; = |s]

So fork; > 0, V; decays asymptotically to zero according to the following inequality;
V, < Vjpe Falt=to)
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Or equivalently the sliding variable [s;| decays exponentially to zero according to the following
inequality;
Is1] < |50 ~Hilt=to)
where s;, is the initial value ofs;.
In a similar way, the following steps are adapted for the lower subsystem which it given in Eq. 10.
Let the sliding variable s,,,be defined as

Sm = €m + Amem (20)

where 1,,, > 0 is a design parameter, e,,, and é,, are defined as

i =2~ i) @
To this end, the proposed controller for the lower subsystem is given by
= (5=) G + tms) (22)
where u,,,,, is the nominal control for the lower subsystem. It is selected here as follows;
Umn = —C1nX1 — CanX3 — C3nXg + Ui—A2€p (23)
while the control term w,, is selected as follows
Ums = —ky * sign(sy,) (24)

As for the upper subsystem, the value of k,,, is determined using the following non-smooth
Lyapunov function;

Vin = lsml (25)
To ensure the attractiveness of the sliding manifold (s,,, = 0), k,,is selected such that the derivative
of the Lyapunov function V;,, is negative definite as can be shown in the following steps;
Vin = sgn(sp) * $m,
= sgn(sm) * [CinXx1 + Conxs + C:3nx4 + boply + 8 () — iy +A2€5]
After substituting the proposed controller inV;,,, we obtained

I'/m = Sng(Sm) * [Clnxl T ConX3 + C3pXg + Upmp + Upys + 6m(t) - ﬁl+/12ém]
= Sgn(sm) * [_km * Sig’fl(Sm) + 6m(t)]

26
= Do + sign(s,) * m(®) (29)
< —kp + 16, ()] )
Then,V,, is negative definite if k,,, satisfies the following inequality;
ki > max|5,(t,x)| =h (27)

When the inequality (27) is satisfied, the error state(e,,, é,,),reaches s,, = 0 in a finite time. The
chattering behavior will appear as a result of using discontinuous control law in Eq. (21).Moreover, the
chattering amplitude is related directly to the value ofk,,. So, one solution which used to attenuate
chattering is by replacing the discontinuous term in Eq. (21) by a continuous function. In the present
work, the discontinuous termsgn(s,,) is replaced by:

sgn(sy) = %tan_l(CImSm)r qm > 1 (28)

Remark 1: the nominal control term for the upper subsystem wu;, contains the estimation for the
perturbation termd;. The used estimator for &, is the sliding mode estimator, which implemented in
section (4). As a result, the derivative of the sliding variable s; will consist of the control term ;5 only.
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For this case, u;; is selected as a linear proportional to the sliding variable s; instead of a discontinuous
relation as in the classical SMC. The linear selection leads to an asymptotic reaching to the sliding
manifold (s; = 0).

Remark 2: the control law contains the virtual control u; and its first and second derivative ; and
ii; respectively. To provide the control law with 1;and ii;, one can compute the first and the second
derivatives with time foru;. Getting these derivatives will lead to the so-called explosion of terms and
make the control law huge[28]. Alternatively, 1; and ii; can be estimated by using an observer such as
a sliding mode differentiator (SMD) which proposed in [29]. The details of designing the SMD are in
section 4.

Remark 3: Since the virtual control u;, is smooth enough, i.e., differentiable, the control law for
the lower subsystem uses its first and second derivatives in Eq. (20) and in Eq. (23) for the sliding
variable s,, and for the nominal control term w,,,, respectively

IV. SLIDING MODE PERTURBATION ESTIMATOR (SMPE) AND SLIDING MODE
DIFFERENTIATOR (SMD)

In this section, a SMO based on reference [29], is utilized to estimate the perturbation &;(t), via the
SMPE, that acts on the first subsystem; also it is used here to estimate the first and the second derivatives
of wu; (; and ii;) via SMD. The estimated perturbation &,(t) and the first and the second derivatives of
u; are used in the proposed control law in Eq. (22).

Now, we construct the SMPE to estimate §; is in Eq. (29):

So1 = X2 — X3
_ -1
N1 = ko1 * tan™ " (¥1501)

Xy = QipXy + AgnXy + bipXs + 14 (29)

. 1 -
Vv, = ;(—Vl + ko1 * tan 1()/1501))
where s,, is the SMPE variable, and k,,; and y; are the estimator parameter. The SMPE dynamic is
proposed in the third line in Eq. (29), andn, represents the estimator input. Thus, v; = §; is the estimated
value of the perturbationd;.

The SMD which are used to obtain the estimation to the first and the second derivatives of u;(i;
andii;) are presented in Eq. (30) and (31) below respectively

So2 = U — 12
. 7}2 = koy * tan_l()/iioz) (30)

V2 =4 (=v2 + kop * tan™ (¥2502))

and
Sp3 = V2 — 13
N3 = ko3 * tan™(¥3553) (31)

1 :
b= 2 (gt 1)

wheres,, and s,; are the sliding mode differentiator variables, andk,,, k,3, ¥, and ys are the
differentiator parameters. The second line in Eq. (30) and Eq. (31) are the SMD dynamics, while the
third lines in Eq. (30) and Eqg. (31) are the low pass filters with time constantst, and 75 respectively.
The outputs of the low pass filters v, and v5 are the first and second estimation for the first and second
derivatives foru;, respectively.
Remark 4: In Eqg. (30) and Eq. (31), the SMD parameters are taken as follows;
3=T, and y3 =1y,
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V. SIMULATIONS RESULT AND DISCUSSIONS

In this section the results of the numerical simulations for the two mass system connected by flexible
joint are presented. The parameters that were used in the simulations are shown in Table 2, while the
parameters of SMC and the observers (SMD, SMPE), which are needed in Eqg. (19), Eq. (28), Eq. (29),
Eq. (30) and Eq. (31) are given in Table 3.

TABLE 2: NOMINAL PARAMETERS OF THE TWO-MASS SYSTEM[4].

Symbol Quantity Values Unit
K; shaft stiffness 30 Nm/rad
Jm motor inertia 0.02 Kg.m?
Ji load inertia 0.165 Kg.m?
Bn coefficient of motor viscosity 0.002 Nm/rad/s
B, coefficient of load viscosity 0.007 Nm/rad/s

TABLE 3: CONTROLLER AND OBSERVER PARAMETERS

SMC SMPE SMD
Value Value Value
parameters parameters parameters
k; 1 ko1 150 koy = ko3 100
A=A 25 Y1 50 V2,V3 50
qm 34 T; 0.001 T, =13 0.001

In this work, the main source for the uncertainty is due to the shaft stiffness value, which is ranging
from (21-39) Nm/rad. Accordingly, the only uncertain terms are those coefficients in the system model,
which containsK;. In addition, the external torque that was considered here isT;, = 0.35 * sin(2m * t).
Table 4 presents the system model coefficients, the maximum bound on their uncertainties, and the
maximum bound on the external torque.

TABLE 4: NOMINAL PARAMETERS OF THE TWO-MASS SYSTEM

Symbol Nominal Uncertainty Bound
a 181.81 |Aa;| < 55
a, 0.04242 -
¢ 1500 |Acy| < 450
2 1500 |Acy| < 450
C3 0.1 -
by 181.81 |Aay| < 55
b, 50 -
d - |d] < 3.03

The gain k,,, in Eq. (24), which was used in the numerical simulation in this work, is given by
ki = 450]x1| + 450|x3|
Three numerical simulations were done for different desired reference position to the upper
subsystem positionx_1d. In the first numerical simulation,K_s=22Nm/rad, and the desired reference

will regulate the sliding variable s_m to the origin after less than 0.06 sec. as shown in Fig. (4). After
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that e_m—0 asymptotically, and that enforces x_3 to become equal to the virtual controller u_I as shown
in Fig. (5). As a result, the upper subsystem is began actuated by the designed sliding mode controller
and that through the state x_3. After that, x_3 will regulate the sliding variable s_| asymptotically as
shown in Fig. (6), and also can be seen in the error phase plot in Fig. (7). For implementing the virtual
control in Eq. (15), it required to estimate the perturbation 8 1. Figure (8), shows that the estimation to
d_1 follows the actual value, which also clarifies the performance of the SMPE. Additionally, the SMD
was used to estimate the first and the second derivatives of the virtual controlleru_l. The result of the
SMD is shown in Fig. (9), where the output of the SMD was used in obtaining the derivative to the error
function for the lower subsystem (¢~ m=x_4-u" 1). To this end, the first subsystem position x_1 tracks
the desired position x_1d as shown in Fig. (10), where the proposed controller needs to less than 0.3 sec
to make x_1 follows the desired position and to be very closed to it after that where the error bound is
less than 2x[[10)(-4). Additionally, a small control effort, which is represented by the torque inputT_m
(1), was required for the tracking process as is demonstrated in Fig. (11). The plotted result in this figure
is smooth due to using (arctan) function instead of the signum function; this leads to eliminate the
chattering, which it the undesirable behavior in SMC.

—— Sliding lower subsystem S2(x)

0 002 004 006

Switching Function S2(x)
; . .
o

0 1 2 3 4 5 6 7 8 9 10
Time (sec.)

FIG. 4: SWITCHING FUNCTION FOR LOWER SUBSYSTEM VS. TIME (K¢ = 22Nm/rad)

Angular Position x3(t) [rad]

0 005 01 0415 02 |- - - Desired Position x3d

| | i |—Load Position x3
0 1 2 3 4 5 6 7 8 9 10
Time (sec.)

FIG. 5: POSITION OF THE LOAD X3 (t)AND DESIRED INPUTY, (kg = 22Nm/rad)
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FIG. 8: ACTUAL AND ESTIMATED PERTURBATION(8andd),(ks = 22Nm/rad)
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FIG. 9: ESTIMATED DERIVATIVE OF u; (ks = 22Nm/rad)
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FIG. 10: POSITION OF THE SYSTEMX (t)AND DESIRED POAITION (ks = 22Nm/rad)
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F1G. 11: CONTROL ACTION T, (t) VS. TIME

The ability and the robustness of the proposed controller are tested for the case where K; = 26, 36,
and for the same desired reference position. The simulation results are plotted in Figs. (12, 13, 14, and
15) for the tracking position of x; and perturbation estimation & respectively.
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FIG. 12: POSITION OF THE SYSTEMX (t)AND DESIRED POSITION (kg = 26 Nm/rad)
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FIG. 13: ACTUAL AND ESTIMATED PERTURBATION (dandd)(ky; = 26 Nm/rad)
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FIG. 14: POSITION OF THE SYSTEMX (£)AND DESIRED POSITION (ks = 36 Nm/rad)

Received 27 Oct 2019; Accepted 10 Dec 2019

© 2017 University of Technology, Iraq ISSN (Print) 1811-9212 ISSN (Online) 2617-3352



Iraqi Journal of Computers, Communications, Confrol & Systems Engineering (IJCCCE), Vol. 20, No. 2, April 2020 71

/\ / £ /—\‘\ /\ / N\ N\ //\
/ \ / [\ / / \ £ \
/ \ [ / \\ / \ / \ \ / \
\ / / \ / \
g 0“ l‘, / \ / \ / \\ / \ / \ [ \ [ \
= \ / \ / \
s |l \ 7 \ \ / L \ / \ \
g \ J S \U \V/ Q0 \V/ \/ \/ \/
T ‘ |
m J
o L — . /
g 1.6206
e AR Y T as g ] | T pree—
E 16208
=
u"j -6" ‘ 52527 525272
(|
|/ ——Actual perturbation
\ ,AJ - - - Estimated Perturbation
_8 = 1 1§ 4 i 1 1 i X o
0 1 2 3 4 5 6 7 8 9 10
Time (sec.)

FiG. 15: ACTUAL AND ESTIMATED PERTURBATION (dandd)(ky; = 36 Nm/rad)

The ability of the proposed sliding mode controller is again tested for the piecewise constant desired

position with K; = 22. Figure (16) show the ability of the SMC in forcing x; to track the desired
position.
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FIG. 16: POSITION OF THE SYSTEMX (£)AND PIECEWISE CONSTANT DESIRED POSITION (kg = 22Nm/rad)

VI. CONCLUSIONS

In this paper, a sliding mode control for two mass systems connected by a flexible joint was
proposed. Results exhibit that the proposed control method improves the performance of systems
compared to conventional control methods.

The proposed scheme consists of separating the system into upper and lower subsystems, with
estimating the perturbation ¢ _1 for the upper subsystem via SMPE. This step makes the desired position
for the lower subsystem a differentiable function. The desired position was taken as a virtual controller
to the upper subsystem. The sliding mode controllers for each subsystem were designed and their
stability was proved using Lyapunov functions. The connection between the two subsystem controller
was then made using the backstepping approach. The backstepping approach enables us to design a
robust controller for the load mass using the electromagnetic torque T_m. In addition, the present work
used the sliding mode perturbation estimator and differentiator (SMPE and SMD) to estimate the
perturbation (& 1)"and the first and second derivative of the virtual controller u_1.

The numerical simulation results demonstrated first the robustness and effectiveness of the
proposed controller for the two mass system with bounded uncertainty in system parameters and in the
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presence of external disturbance. Secondly, the simulation results show high precision and fast-tracking
for the load position to the desired reference for different shaft stiffness and desired references. Finally,
the control action response is smooth because of using the arctan approximation function to the signum
function, in addition, the chattering is eliminated with smaller control efforts by T_m.
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