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Abstract

Multi Degree of Freedom Joints (MDJ) are typically thought to be used for industrial
purposes however they are beginning to gain the attention of the medical field. A current
application pertains to using the precision and stability of a robot arm with MDJ to assist
in minimally invasive surgery. In this research, adaptive sliding mode controls are
presented as robust controls for multi degree of freedom joints. The objective of the study
is to design controls for actuators without the knowledge of boundary of
uncertainties/disturbances by using an adaptive sliding mode control while elucidating
the robustness of the adaptive sliding mode control. A sliding mode control provides for
ultimate accuracy in the presence of the bounded disturbance/uncertainties, although the
sliding mode control also causes chattering. Chattering is undesirable for use with robot
medical tools, since it might causes damage to them with a subsequent loss of accuracy
and oscillation on end-effectors tools. Such chatter is caused by overestimation of the
controller gain. An adaptive sliding mode is proposed as a solution to the problems
created by chattering.

Keywords: Multi Degree of Freedom Joints, invasive surgery, sliding mode controls,
uncertainties, adaptive method, chattering

1. Introduction

Surgery is a medical procedure involving an incision in the human body performed to
repair damage or arrest disease. In a fully invasive operation, an open incision is made
that is large enough for the surgeon to view the internal organs and perform the operation.
For example, in open-heart surgery a long incision is made along the sternum, after which
the sternum is split and retracted (median sternotomy). These open incisions increase
trauma to a patient beyond what is experienced from the actual repair. After the operation,
the patient must heal from trauma associated with the repaired organs and from the open
incision. This results in long recovery times and opportunities for infection. Endoscopic
Surgery, also called Minimally Invasive Surgery (MIS), is a type of operation that has
been developed to reduce trauma associated with making these large open incisions. This
type of operation involves viewing the operational field on a television monitor by
inserting a special camera, called an endoscope, through a small incision in the skin (see
Figure 1). To perform the operation,” long, thin, manually operated instruments” are
inserted through other small incisions called trocars. This type of surgery reduces the size
of the open incisions and therefore results in less pain and scarring after surgery, faster
recovery times, and less risk of infection.
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Figure 1. Manual Endoscopic Surgery

Endoscopic surgery does have benefits over fully invasive surgery but there are also
several disadvantages associated with performing this type of operation. The two basic
disadvantages involve viewing the internal operational field and the surgical tool
interface. Using an endoscopic camera, the operational field is viewed on a 2-D television
monitor providing only a limited view with no depth perception. Advances in visual
technology have provided surgeons with equipment that allow them to view the field in
3-D however this technology is expensive. Another disadvantage is that the endoscope is
operated by a surgical assistant. This requires the surgeon to communicate motion
instructions which becomes difficult when giving instructions such as how far to move
the endoscope and in which direction. It has also been reported that small tremors from
the scope-holding assistant, magnified onto the television monitor, can cause nausea
among the surgical team. Disadvantages associated with the surgical tool interface
involve the endoscopic tools and the way that the operation is performed. Often the
endoscopic tools are heavy, lacking ergonomic design, and do not have the same
DOF/dexterity as a human hand (see Figure 2). As mentioned before, these tools are
inserted through small incisions in the patient to perform the operation. This creates the
fulcrum/lever effect whereas the surgeon is required to transpose each hand motion to get
the desired internal motion.

Figure 2. Manual Endoscopic Tools
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In the late 1980’s, researchers motivated by the limitations of endoscopic surgery
turned to robotic technology to make improvements. Although the idea of using robotics
for telepresence surgery was not a new idea at this time, research and development into
this concept rapidly progressed around the success of MIS techniques and became
possible with advancements in computing power. By 1998, two major companies had
developed surgical systems approved by the FDA for commercial use. Computer Motion
in Goletta, California developed the Zeus Surgical System and Intuitive Surgical in
Sunnyvale, California developed the daVinci Surgical System. Currently only the
daVinci is in production due to the merger of Computer Motion and Intuitive Surgical in
2003. One of the significant engineering assistance to surgery is MDA.

Multi degrees of freedom joint (MDJ) is a type of nonlinear joints. These actuators are
finding wide use in a number of Industries such as aerospace, Industrial medical and
automotive. For high precession trajectory planning and control, it is necessary to replace
the actuator system made up of several single-DOF motors connected in series and/or
parallel with a single multi-DOF actuator [1-3]. The spherical motor (MDJ) have
potential contributions to a wide range of applications such as coordinate measuring,
object tracking, material handling, automated assembling, welding, and laser cutting [4].
All these applications require high precision motion and fast dynamic response, which
the spherical motor is capable of delivering [5-6]. The spherical motor exhibits coupled,
nonlinear and very complex dynamics. The design and implementation of feedback
controllers for the motor are complicated. The controller design is further complicated by
the orientation-varying torque generated by the spherical motor [7]. One of the significant
challenges in control algorithms is a linear behavior controller design for nonlinear
systems. Designing an effective and robust control for a nonlinear system with un-
modeled dynamics and system disturbances/uncertainties is one of the most significant
issues facing control engineers [12]. In the real world, system dynamics are seldom fully
known, and more unknown disturbances will arise during the operation. Because there
are some uncertainties or unknown disturbances within the system, many engineers have
developed a dedicated design control which is insensitive to changes in system dynamics;
this dedicated control has become known as a robust control [9-11]. The sliding mode
control is an example of a dedicated design control that is used as a robust control [9].
The main feature of the sliding mode control is that it is insensitive to disturbances and
uncertainties, if those are bounded.

However, the sliding mode control introduces chattering, which is one of the most
significant problems in the field of sliding mode control [9-10]. Overestimating the
boundaries of uncertainties and disturbances leads to high sliding mode controller gains
and thus increases chattering. Chattering in systems with a sliding mode control is
usually caused by the un-modeled dynamics and can be observed as high frequency (but
less than infinity) control switching. The chattering effect in control results in oscillations
in the sliding variable dynamics. These oscillations prevent sliding variables from being
constrained to zero, which results in the degradation of the accuracy of sliding variable
stabilization. As a solution to this issue, a sliding mode control with gain adaptation has
been proposed, because of its ability to reduce the chattering; it retains the main
properties of a sliding mode control but can also control a system with matched bounded
disturbances, in which the bounds are unknown [11-17].

This paper examines a sliding mode control with a gain adaptation. This paper
shows that the sliding mode control with gain adaptation is a better strategy to design
successful control models for use in the presence of the unknown bounded
disturbances or uncertainties with unknown boundaries, since the adaptive gain
sliding mode control mitigates chattering. The structure of the paper is as follows:
Section 2, is served as an introduction to the dynamic of three degrees of freedom
spherical motor. Part 3, introduces and describes the methodology algorithm. Section 4
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presents the simulation results and discussion of this algorithm applied to three degrees of
freedom spherical motor and the final section describe the conclusion.

2. Theory

Dynamic and Kinematics Formulation of Spherical Motor: Dynamic modeling of
spherical motors is used to describe the behavior of spherical motor such as linear or
nonlinear dynamic behavior, design of model based controller such as pure sliding mode
controller which design this controller is based on nonlinear dynamic equations, and for
simulation. The dynamic modeling describes the relationship between motion, velocity,
and accelerations to force/torque or current/voltage and also it can be used to describe the
particular dynamic effects (e.g., inertia, coriolios, centrifugal, and the other parameters)
to behavior of system. Spherical motor has nonlinear and uncertain dynamic parameters 3
degrees of freedom (DOF) motor [15-17].

The equation of a spherical motor governed by the following equation:

i i @] [T 1)
H(q) |B|+B(g) |ar |+ o |B?| = H
v By 2|l

Where 1 is actuation torque, H (q) is a symmetric and positive define inertia matrix,
B(q) is the matrix of coriolios torques, C(q) is the matrix of centrifugal torques.

This is a decoupled system with simple second order linear differential dynamics. In
other words, the component g influences, with a double integrator relationship, only the
variable g;, independently of the motion of the other parts. Therefore, the angular
acceleration is found as to be:

g=H'(q.t—{B+C}} )

This technique is very attractive from a control point of view.

Study of spherical motor is classified into two main groups: kinematics and dynamics.
Calculate the relationship between rigid bodies and final part without any forces is called
Kinematics. Study of this part is pivotal to design with an acceptable performance
controller, and in real situations and practical applications. As expected the study of
kinematics is divided into two main parts: forward and inverse kinematics. Forward
kinematics has been used to find the position and orientation of task frame when angles
of joints are known. Inverse kinematics has been used to find possible joints variable
(angles) when all position and orientation of task frame be active.

The main target in forward kinematics is calculating the following function:

YX,q9) =0 3)

Where ¥ (.) € R™ is a nonlinear vector function, X = [Xq, X5, ... ... ,X;]7 is the vector of
task space variables which generally task frame has three task space variables, three
orientation, ¢ = [qy, 9z, ..., q,]" is @ vector of angles or displacement, and finally n is
the number of actuated joints. The Denavit-Hartenberg (D-H) convention is a method of
drawing spherical motor free body diagrams. Denvit-Hartenberg (D-H) convention study
is necessary to calculate forward kinematics in this motor.

A systematic Forward Kinematics solution is the main target of this part. The first step to
compute Forward Kinematics (F.K) is finding the standard D-H parameters. The
following steps show the systematic derivation of the standard D-H parameters.

Locate the spherical motor

Label joints

Determine joint rotation (6 )

Setup base coordinate frames.

Setup joints coordinate frames.

Determineq;, thate;, link twist, is the angle between Z; and Z;,; about an X;.

ok~ wbdpE
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7. Determine d; and a; , that q;, link length, is the distance between Z; and Z;,, along
X;. d;, offset, is the distance between X;_; and X; along Z; axis.

8. Fill up the D-H parameters table. The second step to compute Forward kinematics is
finding the rotation matrix (R2). The rotation matrix from{F;} to {F;_,} is given by
the following equation;

R = UigpVicay) (4)
Where U; g,y is given by the following equation;
[cos(0;) —sin(8;) O] (5)
Uiep = |sin(8;) cos(8;) 0
L 0 0 1
and V;q,) is given by the following equation;
1 0 0 (6)
Vi, = |0 cos(a;) —sin(a;)
0 sin(a;) cos(a;) |

So (RY) is given by
R% = (U V)(ULV)) ....... w,V, (7

The final step to compute the forward kinematics is calculate the transformation 9T by
the following formulation [3]

- R? 8
2T=‘1’T.%T.§T......."}sz[O" ‘1’] (8)

3. Methodology

Sliding Mode Controller Design: To improve the robustness and stability, sliding
mode controller is used as reference model controller for adaptive method. Sliding mode
controller is an influential nonlinear controller to certain and uncertain systems which it
is based on system’s dynamic model. The main reason to opt for this controller is its
acceptable control performance in wide range and solves two most important challenging
topics in control which names, stability and robustness. Sliding mode control theory for
control joint of robot manipulator was first proposed in 1978 by Young to solve the set
point problem (g4 = 0) by discontinuous method in the following form;

- {r,-* (qt) if 5;>0 )

@d = 17 (q,t) if ;<0

where S; is sliding surface (switching surface), i = 1,2, ...... ,n for n-DOF joint,
7;(q, t) is the i*® torque of joint. Sliding mode controller is divided into two main sub
controllers:

e Corrective control(U,.)
e Equivalent controller(U,,).

Discontinues controller causes an acceptable tracking performance at the expense of
very fast switching. Conversely in this theory good trajectory following is based on fast
switching, fast switching is caused to have system instability and chattering phenomenon.
Fine tuning the sliding surface slope is based on nonlinear equivalent part. Design a
robust controller for multi-DOF-joints is essential because these joints have highly
nonlinear dynamic parameters. Consider a nonlinear single input dynamic system is
defined by:
x™ = f(@) +b@)u (10)
Where u is the vector of control input, x™ is the n** derivation of x ,
x =[x, %%, ..., xX"D]T is the state vector, f(x) is unknown or uncertainty, and b(x) is
of known sign function. The main goal to design this controller is train to the desired
state; x4 = [Xg, Xg, % g, .., 4™ P17, and trucking error vector is defined by:

X=x—x4=[% .., X0 DT (11)

Copyright © 2015 SERSC 69



International Journal of Hybrid Information Technology
Vol.8, No.6 (2015)

A simple solution to get the sliding condition when the dynamic parameters have
uncertainty is the switching control law:
Ucs=U—-K®&t) - sgn(s) (12)

where the switching function sgn(S) is defined as

1 s>0
sgn(s) =4{-1 s<0 (13)

0 s=0
and the K(x, t) is the positive constant.
Based on above discussion, the sliding mode control law for multi-DOF-joints is written
as:
U=Ug+U, (14)
where, the model-based component U, is the nominal dynamics of systems and
calculated as follows:

ap a?
Ue = |[H (@) B(g) |av |+ C(q) |B?| | +5|H(a) (15)
By V>
and U, is computed as;
U.=K-sgn(s) (16)
The sliding mode control of multi-DOF-joint is calculated as;
Ta ap a?
Ts| = |H (@) | B(@) |ay|+C(q)|B*| |+ S|H(a) + K - sgn(s) (17)
Ty By v’
The lyapunov formulation can be written as follows [22],
V=2STHS (18)
the derivation of V can be determined as,
V=2STH.S+S"HS (19)

the dynamic equation of multi-DOF actuator can be written based on the sliding surface
as

HS=-VS+HS+B+C (20)

it is assumed that

ST(H-2B+C)S=0 (21)

by substituting (20) in (21)

v =§STHS—STB+CS+ST(HS+B+cs) =ST(HS + B + CS) (22)

suppose the control input is written as follows

U = Unontnear + Uc = [H"1(B + C) + $§]H + K.sgn(S) + B + CS (23)

by replacing

V=ST(HS+B+C—HS—B+CS—Ksgn(s) =T (FIS +BTCS— ngn(S))
(24)

and

|HS + B+ CS| < |HS| + |B+CS| (25)

the Lemma equation in multi-DOF actuator can be written as follows

K, = [|HS| +|B+CS|+n] ,i=1234,.. (26)

and finally;

V<—3LmlSil (27)
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A super-twisting control is a continuous second-order sliding mode control. This
approach is effective for relative degree 1. The advantage of this control technique is that
it eliminates chattering. In other words, a super-twisting control stabilizes the sliding
variables robustly at 0 in finite time for any bounded disturbance.

The sliding variable dynamics for a super-twisting control is given to be as follows:
c=¢+gu
Where|@p| <C,0<K,,<g <Ky (28)

For the sliding variable dynamics given in Equation (28), the super-twisting control is

introduced as:

1
u = —c|olzsign(o) + w (29)
w = —b.sign(o)
Where
c=1.5VC, b=1.1C, lp| < C

This super-twisting control creates the compensated dynamics of sliding variables as
follows:

1
o+ clalzsign(o) + b [ sign(o) dt = ¢ (30)

In sliding mode, b [ sign(o) dt is equal to ¢. In order to achieve asymptotic
convergence of the state variables, the super-twisting control drives both sigma and the
first derivative of sigma to zero in finite time and keeps them at 0 thereafter.

To improve robustness adaptive gain super-twisting is used. Adaptive control has an
important role in modern control systems. During operation, many controlled processes
experience abrupt or continuous parameter variations, varying external conditions and, in
some occasions, alternations of operating modes. When all aforementioned causes of
non-uniform system behavior are not excessive, then they are usually well handled with
standard feedback controllers. But, when that is not the case, then standard feedback
controllers cannot maintain the desired control quality and some sort of adaptation to the
new situation in the process are needed. Adaptation may be used for the purpose of
improving system dynamics or to reduce system sensitivity to parameter variations.
Based on above discussion, compute the best value of sliding surface slope coefficient
has played important role to improve system’s tracking performance especially the
system parameters are unknown or uncertain. This problem is solved by tuning the
surface slope coefficient (4) of the sliding mode controller continuously in real-time. In
this methodology, the system’s performance is improved with respect to the classical
sliding mode controller. Based on super twisting control, to adjust the sliding surface

slope coefficient we define £ (x|2) as the tuning.

f(xla) = 47¢(x) (31)
If minimum error (47) is defined by;
A* = arg min [(Sup|f(x|/1) — f(x))] (32)

where AT is adjusted by an adaption law and this law is designed to minimize the
error’s parameters of A — A*. adaption law in sliding mode controller is used to adjust the
sliding surface slope coefficient.
The Lyapunov function in this design is defined as
u (33)
V= 1STHS+1Z Lo
T2 2Ly ¢ 9
J=1

where y;; is a positive coefficient, ¢ = 8" — 8, 8" is minimum error and 6 is adjustable
parameter. Since M —2Vis skew-symetric matrix;
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A .
STHS + EsTHs =ST(HS +VS) (34)

the controller formulation is defined by

t=H§,+Vq,—AS—K (39)
According to
H(@)q+V(q.¢q=H4, +Vq, - 2S-K (36)
Sinceq, =q—Sandg,=q—S§
HS+(V+2)S=Af - K (37)
HS=Af—-K—-VS—2S
The derivation of V is defined
. R U T (38)
V=STHS + -STHS + 2—¢T. ?;
2 7= YSj

M
e 1 ..
V=s (HS+VS)+Z—¢ .®;

]=1ysj

Based on
. L1 (39)
V=ST(Af —K—VS—AS+VS) +Z—¢T.¢,-

7= YS]'

where Af = [H(q)§ +V(q,¢)q] — X1, 67 {(x)
M M 1

V= Z[Si(Afi — Kp|-sTas + Z_.‘I’T' ¢
= = Vsj

suppose K; is defined as follows

i 0t ua(s)] (40)
j= §:£1EﬂA€Sj)]] = 07(s))

Where ¢;(S;) = [57(5)). 67 (51, G5 (), -, G (ST

ﬂ(A)]l- (S5 (41)

1(¢)=— T =~
G = Sl )

where ;) is evaluation algorithm.
according to;

M M 1 (42)
7 o _pT N —¢T _— 4T 3.
v _]Z[s,-mf,- 07¢(s))] -5 /15+]=Zy5j¢ &;
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Basedongpg=0"-0-60=0"—¢

M M 1 (43)
o _ p*T i T AN T = T 3.
V= ;[S]-(Afj 07L(s;) + ¢7E(S;)] -STAs +,Zl”si¢ b

M M 1
V= Z[Sj(Afi —(897¢(s;)]-s"as + ZF‘P;'T[Ysi-Si- gi(8;) + &

J=1 =17
where 8; = y;S;{;(S;) is adaption law, @, = —8; = —y;S;{;(S;)
V is considered by

(44)

m

V= Z[sj af; - (©))7¢(8))1 - sTas
j=1

The minimum error is defined by

ems = Af; — ((6)74(S))) (45)

Therefore V is computed as

- (46)
V=[S em] — STAS
=1
S YIS llem;l —STAS
m
= Z |S; |lem;| — 4;8;°
=1
= (47)
= > 181 (lem| - 45))
=1

The minimum approximation error (e,,;) is very small.
if Aj=a that a|S;|>e,;(S;#0) then V <O0for(S;+0) (48)

4. Results and Discussion

Proposed adaptive controller and sliding mode controller are compared. This
simulation is used to control position of three degrees of freedom spherical motor without
and with external disturbance. The simulation was implemented in
MATLAB/SIMULINK environment.

To evidence the power of proposed method; this design is compared to command.
Regarding to Figure 3; sliding mode controller and proposed method have the same
accuracy performance. Sliding mode controller is a fast and limit robust controller and in
certain condition it has an acceptable accuracy performance. Regarding to tracking
accuracy, rise time in proposed method is about 0.4 second and in sliding mode controller
is about 0.6 second. In certain condition, proposed method has 1.3% overshoot and
sliding mode has 4.9% overshoot. In this state sliding mode controller has a little
fluctuations (chattering) compare with proposed method.
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Figure 3. Comparison between Two Types Controller

Figure 4 shows the command and track error joint variables in proposed method and
SMC.
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Figure 4. Tracking Error Performance
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Regarding to Figure 4, proposed method tracking error is enough good compare to
SMC. SMC has fluctuations and adaptive method can improve the error performance and
reduce the RMS error near to the zero. Regarding to Figure 5, torque performance is test
in proposed method and compared with sliding mode controller. According to this design,
proposed method is more suitable to this design and SMC has fluctuations. Based on the
following Figure, proposed method can reduce the energy consumption against to SMC.

200

Proposed

150

100

50

5 10 15 20 25 30
Time

Figure 5. Energy Consumption

5. Conclusion

Regarding to this research, gain scheduling sliding mode controller is used as robust
controller to improve the performance of multi degree of freedom joint. In robot assistant
surgical tools, stability and robustness are two most important factors. To improve the
robust factors as well stability, sliding mode adaptive methodology based on gain
scheduling methodology is used. Regarding to test and result part, proposed adaptive
control is more robust than pure sliding mode controller. This method has power to
eliminate the chattering, reduce the overshoot and undershoot, reduce the rise time
eliminate the fluctuation in presence of uncertainty. Based on result, proposed
methodology can reduce the energy consumption in certain and uncertain condition
against to conventional sliding mode controller.
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