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Abstract: This paper presents a penalty-based sliding mode control (SMC) law for flexible bar
system, which uses shape memory alloy (SMA) as actuator. SMA actuators are lightweight,
compact and flexible which facilitate their integration into flexible structures. The proposed control
law manipulates SMA current to exert the necessary force for deflecting the flexible bar into the
desired state. Numerical simulations demonstrate that this new method can control the one-input,
multi-output under-actuated system of the flexible bar efficiently. The mathematical model of the
flexible system is obtained using physical discretization. The bar is modeled as a combination of rigid
rods connected by joints without elasticity and friction. This model demonstrates the flexibility of the
system in an effective way. The numerical simulation illustrates the feasibility of the proposed model
for analyzing the oscillations of the system and the effectivness of proposed control algorithms.

Keywords: sliding mode control; flexible structure; shape memory alloy

1. Introduction

Flexible bars establish an important role in many engineering applications such as space tethers,
catheters, robotic links, cantilever cranes, astronomical telescopes, etc. [1-4]. They are widely used in
industries due to their higher speed operation and lower energy consumption as a result of their lower
overall mass. Moreover, light-weight links require smaller actuators which are beneficial for cost reduction
of space robot transportation. Hence, flexible bars are superior to rigid ones in the above respects. However,
it is well known that these systems could give rise to oscillations which make it difficult to obtain a precise
tracking response [5]. Additionally, the mathematical model of the system becomes more complicated
because of the flexibility. These are the two major challenges for the usage of flexible bars. Therefore, many
works have been aimed at dynamic modeling and control of such systems and coursed into new channels
to design controlled structures with high-performance characteristics.

The dynamic modeling of the flexible bar is essential for understanding the system behavior
and consequently designing the controller. One way to describe the mathematical model of these
systems is through discretization. The discretization approach can be realized either mathematically
or physically [6]. In the mathematical discretization, the finite difference method, as well as the
Ritz—Galerkin procedure, can be applied. Although this is an efficient method, it becomes inconvenient
for more than a few modes and can lead to numerical difficulties for high numbers of modes [7].
On the other hand, physical discretization models the system as finite elements or point mass elements.
This method has been frequently adopted for describing different physical systems like rope [8,9],
chain [10], whip [11], space tethers [12], and has provided reasonably accurate results.
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The stringent behavior requirements imposed on flexible structures, on the other hand, demands
precise control of these structures. In order to control the system efficiently both the controller and the
actuator should be selected carefully. As for the actuator, smart materials such as shape memory alloys
(SMA), have been frequently adopted in controllable structures including flexible bars [12]. SMAs are
able to return to a predefined shape upon the supply of heat. The significant advantages of SMA wires
in comparison to other smart materials such as piezoelectrics are the large displacement, complete
recovery deformation, and high stiffness [13]. Furthermore, SMA can be heated easily by passing
an electrical current through it [14]. This makes the shape control of structures integrated with SMA
actuators more feasible.

During the heating and cooling process, a phase transformation occurs in the crystalline structure
of the SMA. This phenomenon introduces a hysteresis effect, which is highly nonlinear. Due to
the hysteresis, the control of flexible structures actuated by shape memory alloys has turned to a
challenging task [15]. Various linear control approaches including proportional-integral (PI) [16] and
proportional-integral-derivative (PID) [17,18] as well as nonlinear optimal and fuzzy logic controls [19],
and variable structure/sliding mode control has been applied on SMA actuated devices. Among these
methods, the sliding mode algorithms have shown promising results thanks to their less sensitivity
to system parameter variations and noise disturbances [20-22]. The sliding-mode control (SMC), is a
nonlinear feedback control whose structure is intentionally changed to achieve the desired performance.
However, this change of structure gives rise to an undesirable phenomenon of oscillations having finite
frequency and amplitude, which is known as chattering. Although some important general results for
controlling flexible structures have been obtained using these controllers, most of these methods are
application-specific and/or lack rigorous stability proof.

The present study proposes a sliding mode control design based on the penalty approach and
actuated by shape memory alloys to stabilize a flexible bar system in the presence of uncertainties.
The control law is based on the system model which includes the one-input multi-output equation
of motion of the flexible bar and the mathematical model of the shape memory alloy. The equation
of motion of the system is obtained using a physical discretization approach. Moreover, the SMA
actuation is described using Choi model [23], based on the step-input response of the SMA actuator.
Although other models have been proposed to describe the dynamic behavior of shape memory
alloys [24-26], Choi model is selected due to the description of the force-current relationship of the
SMA actuator in a straightforward way which is computationally efficient (The shape recovery of SMA
happens under temperature control and highly depend on potential alloys materials (such as NiTi,
Cu-based and some others), as well on compositions, transformation temperatures (depending on the
composition), ambient temperatures and so on. Obviously, the considered controlled model depends
on the variations of the parameter at the heating and cooling stages. These changes of variation are
considered here as uncertainty which can be suppressed using sliding mode approach.).

In summarize, the novelty of this work, compared to previous literature, consists in two points:
the complete knowledge of the parameters of the considered model (especially the parameters of the
shape memory alloy) is not required as the sliding mode control (SMC) is applied to overcome this
trouble; the state variables in the desired regime are connected by a set of algebraic constrains, which
make it impossible to apply direct application of SMC; therefore a special Lyapunov-like function,
including the penalty term, is introduced to realize the desired dynamics.

2. System Description and Equations of Motion

2.1. Model Description

The mechanical model under consideration consists of a flexible bar actuated by an SMA wire as
it is shown in Figure 1. The SMA tendon is offset from the neutral axis of the rod by a fixed distance
of a. According to Figure 1, SMA wire connects the beginning and end of each section of length b of
the entire beam length B. Electric current i is the same throughout the wire and in every section of it.
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This electric current produces the same amount of force in each section of wire. The shape memory
alloy wire is stretched in the austenitic state, cooled through the temperature range of the start and
finish of the forward phase transition, and in the achieved martensitic state, the tensile load is removed.
After that, the wire is embedded in the construction as described above. As the current is transmitted
through the wire, it heats up, a reverse phase transition occurs, the phase deformations induced by
the stretching of the wire disappear, its length is reduced and it generates forces that create a moment
on the bar, causing it to bend to an angle «, Figure 2. By controlling the current, the deflection of the

flexible bar becomes controllable.
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Figure 2. Free body diagram of the flexible bar: (a) initial (straight) state; (b) after deflection.

2.2. Equations of Motion

Consider a flexible bar of mass M and length B consisting of # cylindrical rods with masses m; =
m = M/n and lengths b; = b = B/n, i = 1, ...,n, in a gravitational field and assume that the system is
constrained to move only in the two-dimensional plane. Figure 3 shows the geometric representation of

this model.
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Figure 3. The discrete model of n-rod.

In order to introduce the equations of motion, the generalized coordinates must be specified;
the coordinates must uniquely determine the state of the system. In this model, angular coordinates «;
which indicates the inclination of the consecutive segments toward the y-axis are chosen as generalized
coordinates. The position of the i-th segment center of mass (x;, y;) can be represented as:

Xp = Z;;% bsin(a;) + Tbsin (a;)
)

yi = — ¥ beos(aj) — 3bcos (a;)

where «; indicates the angle between the ith rod and the vertical axis y, b is the length and m represents
the mass of each rod.

To obtain the mathematical model of the system the Lagrangian function and Lagrange’s equation
can be used. The Lagrangian function is defined by

L=T-U, )

where T is the kinetic energy and U is the potential energy of the system. The Lagrange’s equation is

described as follows i s 5
Ea?] - aquL = Qno—pot (3)

where g; and Quo—pot represent the j-th generalized coordinate and non-potential force respectively.
In our case

q1 = &1 ,92 = &2 ,eee) n = Kyp «

The kinetic energy of the model is the sum of kinetic energy of each rod and is given by

T= 3%y [m (8 +97) + Lif] = mb® Tt [M} i+
4)

2 2(n—j)+1] . .
mb? Y Y [ ( 2]) } djij cos (a; — a;),

where I; = (1/12)mb? is the moment of inertia of each segment about its mass center. In the same

way, the potential energy of the system depends on the gravitational energy of each segment and is

expressed as follows

2(n—i)+1
2

1=

n
U=y mgy;=— mgb cos(a;), ®)
i=1

i=1
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where ¢ indicates the gravitational acceleration.
Introduce the vector & = [ay,...,a,] ' for the considered system. After applying the Lagrange
equation, the general form of the equation of the motion of the system can be expressed as:

where:
Ay A - Ag
Ap Ax -+ Ay
Alw) = | . . .
A, Ay .. Apg
and )
Ajj = —3("_3])+1mb2 when i =7

A 2(11—]';-1)—1

ij = mb? cos(a; — aj) when i # j.

The matrix B is skew-symmetric and is expressed by

0 By -+ B
—Byy 0 -+« Boy
B(a, &) = ) ) )
—Biy, —By ... 0
with 2 1)1
n—j+1)— -
B = +mb2qj sin(a; — a;)
and the vector C is described as
G
G
Cla) =] .
Cn

where

C = <(n —i)+ %) mgb sin ;.

2.3. Study of the Behavior of the System

The mathematical model of the system is verified using numerical simulation. The model used
in the simulation consists of 5 segments of 0.01 m length and 0.001 kg mass. There are no external
forces acting on the system (Qyo—por = 0) and the initial conditions are a1 = a = ... = &, = O rad and
&1 =d&r =..=d&, =0.1rad/s.

As can be seen from the simulation results in Figure 4, the solution of nonlinear equations contains
oscillations. The oscillations in the system occur in the form of beats, in which energy is cyclically
transferred from one rod to the other.
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Figure 4. The angular position of flexible bar without control.

3. Sliding Mode Control of the Flexible Bar Using Penalization Method

The control objective is to design a single input T which simultaneously controls all the states
and provides the desired performance. The input torque T is produced by an SMA actuator and
has the same magnitude in all sections of the flexible bar as shown in Figure 2. The SMA actuator
employed in this work produces actuating torque in a compressive manner by applying electrical current.
Therefore, the input torque T of the flexible bar system will be designed first and, afterwards, based on
the torque-current equation of SMA actuator, the electrical current input i of the actuator will be obtained.

3.1. Sliding Mode Controller Design and Lyapunov-Like Stability Analysis

In order to stabilize the flexible bar system for the current system, a new method based on sliding
mode techniques via a penalty approach is proposed. The main reason for the election of this control
strategy is the insensitivity of this algorithm to the shape memory alloy parameter variations during
the heating and cooling stages.

The equation of motion of the system Equation (6) can be rewritten as

¥=—A"'Bx—A"'C+ A 'Dr, 7)

where
X1 =01, Xp = 0K, .. ,Xp = &y

and DT = Quo—pot = [1,1,-+-, 1] T.
Note that when the flexible bar reaches its desired state, it will be in an equilibrium position as
# = x = 0. Therefore, the following relation holds for the system in the equilibrium position

[ ((n—1)+ 3)mglsin(x1) ]

N =

((n—=2) + 7)mglsin(xz)

C= =Dt (8)
((n—3) + §)mgl sin(x3)

imglsin(xy)
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which makes a constraint between the angular position of segments and the control input. Dividing
the first component of Equation (8) by its following components gives the relation between the angles
at equilibrium point as follows:

((n — 1) + 5 ) mgl sin(x7) ((n 1)+ %) ‘ |
Cl - n —sin =
- ( )+ 7) mgl sin(x;) 1= ((n “2)+ %> sin(x1) —sin(x) =0
C ((n —1)+ %) mglsin(x1) ((n 1)+ %> | | )
G ((n 3)+ %) mglsin(x3) =1= ((n T+ %> sin(x1) —sin(x3) =0

o ((n—l)—i—%)mglsin(xl)

o Tiglsin(xn) =1 = 2((n—1)+ })sin(x;) —sin(x,) =0

thus, the vector of constraints can be defined by

r ((nfl)Jr%) . e h
o (C=3E) sin(xp) — sin(xy)
82 n1)4d) :
g§= : = Egn—;)é; sin(xq) — sin(x3) )
8n—1 :
| 2((n—1) + 3)sin(x) — sin(xy) |

in which g = 0. The obtained constraints will be used later on in the design of the SMC.
On the other hand, the tracking error for the desired constant angular position x; (¢) is described as

ei(t) = xi(t) — xi (1), (10)
by using the equation of tracking error and its derivative, a first order sliding variable can be designed as

é1+ce
éy + crep
S= ) , (11)

e, + cnen

wheree; = x; —x; ,i=1,2,--- ,nand ¢y, ¢, ..., ¢ are positive constants. The derivative of the sliding
surface can be taken as follows

€1+ 161 X1+ 1%
. € + cpén Xp + coXo
S = . = . =i+ Cox (12)
én + Cnén xi’l + Cnxn
where
C1 0 0
0 cp - 0
C() = . . . . > 0.
0 0 S Cp
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In the next step, a switching control law will be obtained according to the Lyapunov stability
theorem. First, the Lyapunov function V is introduced as

V= 5T5+§||g|\2 , 10, (13)

where g is the penalty function due to the mentioned constraints of the system. The suggested
Lyapunov function contains two terms, the first one is traditional and is responsible for the attainment
of the sliding surface S = 0, the second term corresponds to the penalty which we introduced to
guarantee fulfilling the constraints g(x) = 0. and by taking f = — [A7!B—Cy] * — A7IC and
d = A!D, the equation reduces to

V =28T(f +7d) + g™ (x) £ (x)x < 2|S|| || fI| +27STd + g™ (x) 58 (x) (14)
by considering the control input as T = Ty + Tcomp, the following relation can be obtained

V < 2|IS| Il + 2(T0 + Teomp)STd + g™ (x) e g(x)% =
(15)
2SIl £+ +21STd + pgT(x) L g(x)x + 2TcompSTd

where fT < oo is the upper bound of ||f||. In the conventional situation (when we deal with the
control problem with additional constrains) we may take the parameter y in Equation (13) equal to
zero and the separation of the control action T in two terms Ty and Tcomp (compensating) is not required.
In our case (the constrained control designing) the time derivative of the suggest Lyapunov function
obligatory contains the term which has no (as a multiplier) value of ||s||, and can not be included into
the discontinues control law. So, the specifics of the considered problem, dealing with the additional
state constrains, require to introduce an additional compensating control to provide a finite time
convergence of the closed-loop system to the desired Sliding surface keeping these constrains in force.
The control input 7y can be selected as

1o
T = —k(S) a ”S;ﬁgs sign(57d)sign(dTSignS)
(16)
_ 14]1” IS
k(8) =Ko |STd| |dTSign$]| +so'€0 <1
where SignS = (signSy, sign$Sy, ..., signS, ) . Consequently,
V < 2|S|| £ +25TdTo + pgT (x) 58 (x)% + 247 STeomp =
T
2SIl fT —2k(S) (STd) Wsign(STd)sign(dTSignS) + ygT(x)%g(x)x—O— 17)
+ Sk(S) . d .
2Ty = 2|11 £ =20 157 47Signs |+ T (3) ()3 + 247 Sy
Therefore,
. STd||dT SignS| .
< + _ | T(x)L T =
V<20SI 5+ = 200 1Sl fgrorrsiana g ST (S + 247 S oy
(18)

8 .
211515 = 260 151 (1= gramiamsnsns e ) + 1T (9 Asg(3)% + 247 o,
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which provides

151

V<2081 = ko) + 2Kot0 7 e gonsT g

+ pth(x)ad;g(x)x +2S8TdTeomp =

2 (18114 /5 1) (ko) = 2y/5 gl (£ — o) + (19)

1Sl
|STd| |dTSignS| + €

2koeq + pgT (x) £ g (%)% +28TdTomy

Finally, Tcomp can be chosen to satisfy the following equation

S|l
_2./k + _ 2 I
VBl (FF ko) - Dhoso g et
(20)
,ugT(x)%g(x)x + 25TdTeomp = 0
which implies
5 .
_ 2\/% gl (F" — ko)~ 2koco |STd||dT”Sign5|+g_0 +HgT (x) feg (x)x @1)
Teomp = 257d - 257d

Now, it can be shown that V reaches zero in a finite time. For kg = f + % pandp <0

v <o (Is1+/5 ) @)

Isli-+ /% ll = V7

since

it follows
V< —pVV. (23)

which implies

V< —%pt +4/V(0)
therefore, V(t) = 0 for all £ > t, with

2,/V(0)
=

As was mentioned before, the external torque 7 is produced by the SMA actuator and the control
input of the actuator is the electrical current i. In order to obtain the input current, the relation between
the produced torque T and the electrical current input i in the SMA actuator is used [23]:

t = (24)

LTS S e

where ¢ is the time constant of the actuator, i(t) is the current input and a is SMA tendon offset from
the neutral axis of the bar. The Equation (25) is a low pass filter, thus

i(t) =io(t) + icomp(t) (26)
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where

(27)
Teomp

icomp(t) =

Consequently, it can be demonstrated that the external torque T will track the current input i in a
finite time. The dynamic equation of SMA can be written as

= —;}(T—ai(t)). (28)

Let us define
Spa=T—ai (29)

and introduce the following Lyapunov function:
1
VA = ESLS A
then by taking derivative of V4 the following relation holds

Vi =Sa(t—alki)=Ss(—3(t—ai(t)) —aki) =

<=

. 2 '
Sa(=3Sa—aki) < = |1Sal’ +a|Sal H%ZH

if

QU

Zi<ht
dt sh

then 1 1
Va < =5 ISal” +alSal" =~ ISal (1S4l — ai)

for ||S4|| > ah™ we have V4 < 0 implying
ISall = {Sa:lISall < ah™}
which demonstrates that the torque will track the current input.

3.2. Numerical Simulation

To demonstrate the performance of the proposed sliding mode control, numerical simulation
is implemented using MATLAB-SIMULINK software. The parameters of the system and the initial
conditions are the same as the previous numerical simulation of Section 2.1. According to [23] the time
constant of the actuator has been taken as ¢ = 1.25 s. The distance a between the SMA tendon and the
bar is 2 cm. The control objective is to drive the initial state of the flexible bar into the desired state.
The desired angular position for the first variable is x] = 0.2.

The simulation result is shown in Figure 5 and demonstrates that the proposed sliding mode
control is able to stabilize the states of the system using SMA actuator. As one can see, all the states
reach their desire values after around 50 s.
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Figure 5. Output angles of the flexible bar.
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The control input i that drives the state variables of the system to the sliding surface is showed
in Figure 6. As it was explained before, the current input is made of two components, iy and icomp.
The signal of these two components is illustrated in Figure 7.

Figure 8 illustrates the finite-time convergence of the sliding variable to zero. This demonstrates
that the states of the system are driven towards the sliding surface and remains on it thereafter.

iy [A]

0.03

0.02

Current [A]

0 10 20

30

40

50 60 70 80

Time (seconds)

Figure 6. The overall current input i = iy + icomp-

. . . . . . .
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Time (seconds)

(a) Current input ip.

[A]
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. . . . . . .
0 10 20 30 40 50 60 70
Time (seconds)

(b) Current input icomp-

Figure 7. The two components of the current input.
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Figure 8. Sliding surface of the proposed sliding mode control (SMC).
4. Conclusions

The main contribution of the paper consists of designing the control mechanism for a flexible
bar using shape memory alloy as an actuator when the mathematical model of the complete system
(based on the corresponding physical processes) is a priori uncertain, namely, partially unknown. We
presented here the theoretical analysis of the suggested method which is robust with respect to the
presented uncertainties. A sliding mode control method is proposed for position control of a flexible
bar actuated by SMA wire. The SMC design is based on the penalty approach and regulate the force
exerted by the actuator on the flexible bar. The geometry constraints of the system in the equilibrium
point are considered in designing the controller. The simulation results prove the high performance
and effectiveness of the controller in stabilizing the system in a desired angular position. Furthermore,
in order to take into account the flexibility of the system, physical discretization is applied for modeling
the bar. As demonstrated in the illustrating numerical example, this approach provides a good insight
into the dynamical behavior of the system.
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