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Abstract

Parkinson’s patients experience severe pathological tremors because of abnormality of central oscillator that entrains the
corticothalamic system and the basal ganglia. Normally, medications are used to decrease involuntary antagonistic muscle
contraction can affect life, therefore, safe treatment methods have attention. The mechanical vibration absorber is an outstanding
method, and can be used as an alternative treatment. Based on the biodynamics of the human arm, the objective of this study is to
provide the performance of Parkinson’s patients and to design a model-free control to suppress their pathological tremor, called an
active dynamic vibration absorber system (DVAs). An active DVA with model-free control inside can handle the complex system,
disturbances, complicated working behavior, and so forth. Frequency of resting tremor as resonance frequencies of shoulder and
elbow muscle is activation operating. The response of the active DVAs is studied in the case that it is attached to the arm and
compared to the passive DVA with excitation frequencies in the previous study. The results verify the effectiveness of active DVA
with controller inside, which can reduce the pathological tremor in amplitude feature in Parkinson's patient’s arm.

Keywords- Parkinson, Pathological tremor, Active DVA, Model-free control, Time-delay estimation.

1. Introduction

Parkinson’s patients are normally affected by tremors of the hand that entrains the corticothalamic system
and the basal ganglia. The patient’s hand is considered to model a system with a three degree of freedom
on the horizontal plane for flexion motion of the palm. The physical parameters of hand segments such as
upper arm, forearm, and palm are used to size and concentrate at the centroid in shoulder to reflect its
behavior. In previous works of literature, with hand segments, a model of two degrees of freedom as
uniform rods with masses at the center is researched by Hashemi et al. (2004) and Gebai and Hammoud
(2016). However, these studies provide no information on the transmitted motion of mode as the palm and
the wrist joint. The process of movement is only produced by single shoulder and elbow muscle joints. The
torque sine waves were caused by elbow muscle activation, functioning within a single frequency range.
Besides, Drillis et al. (1964) presents the Biceps as double-joint muscles, and displacements are caused by
joints of the shoulder muscle, elbow muscle, and wrist joint muscle. The active torque as input signal can
result from the shoulder muscle and elbow muscle, operating as well as resonance frequencies. These
dynamic models overlook two terms: the motion of pronation-supination is at the elbow joint, and the radial
ulnar deviation is at the wrist joint. This work provides the knowledge of inside actual behavior of the hand
and accurately addresses tremors of involuntary issues.

A device for suppression of tremors is considered, can counteract involuntary tremors of the muscles. It is
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designed to attach to the shoulder and forearm. The approaching method is studied as a passive conception,
i.e., no input power and absorbing hand movements. A biodynamic of Parkinson’s patient’s hand is
considered to model a mass-spring-damper system at a musculoskeletal level. Based on the mathematical
biodynamics of the hand segment, the mechanical frame of DVAs for this study is designed in Figure 1.
The DVAs is considered and tuned to the frequency of involuntary tremors. Its effectiveness is analyzed by
examining at wrist joint in frequency and time domains. The DVAs can serve as a mechanical treatment
method to suppress tremors in Parkinson's patients by transferring tremor into the vibration of its proof
mass. Mechanical oscillations, resulting from joint and muscle movements, are considered the primary
source of tremors and follow the laws of physics. Seireg and Arvikar (1973) studies that the oscillation of
the mass-spring system is used for modeling the nature of joint muscle tendon. Thus, a biodynamic model
of the patient’s hand can be described using the conception of the musculoskeletal level. Based on its model,
the absorption of tremor is resulted by using a numerical testing process. Hashemi et al. (2004) and Gebai
et al. (2017) are done to design a single passive DVA, which can suppress the vibration of a Parkinson’s
patient’s hand at natural frequency. Additionally, a study employs a single DVA for helping elderly patients
with neurodegenerative disorders, reducing both the homogeneous and involuntary tremors at the hand joint
(Gebai et al., 2016b). A dual parallel DVA is proposed to mitigate involuntary tremors in Parkinson's
patients, being at dual harmonic resonance frequencies (Gebai et al., 2016d). It is effective in reducing
involuntary tremors using Bio-Mechanic modeling with five degrees of freedom.

Besides, the DVAs for Parkinson's disease patients involve enormous mechanical parts, being a
complicated system. Due to this reason, the active DVAs — DVAs including the controller have little
attention, compared to the passive ones. The work behaviors of DVVAs operates in high frequency because
of suppressing the tremors of Parkinson's patients. Nevertheless, an accurate dynamic physical model is
requested for high tracking performance in high frequency. To solve these problems, various modern
control algorithms have been studied and developed, and almost all of them enforce accurate physical
parameters of the model to obtain high tracking performance such as model-predicted control (Zhou et al.,
2016), Ho/ H. control (Si et al., 2022), sliding mode control (Christopher and Sarah, 1998), super-twisting
sliding mode control (Tran et al., 2021), feed-forward control (Makwana and Patolia, 2021), artificial
intelligence (Chandran and Salih, 2021; Van Pham et al., 2022), optimal control (Razavi et al., 2020), etc.

It is worth noting that the passive DVAs do become the active DVAs if it exists the controller inside. The
active DV As’ ability can suppress the tremors of palms in various Parkinson's patients and even change the
amplitude and frequency of tremors. With the complicated working behaviors of DVAs, there are
unexpected features during progress. It is necessary that the control algorithm can handle the issues of the
DVAs, making it from passive to active. Based on the facts, this novel study proposes an approach by using
a model-free control to tackle the complex system as incorrectly identified parameters, disturbances,
unpredicted factors, and so on. Thanks to the time-delay estimation (TDE) technique, it provides a model-
free approach method with a high frequency of working conditions. Besides, the sliding mode control
(SMC) shows a high ability to track the performance of considerable features.

In reality of implementation, the difference between real system and mathematical model is inevitable
because of hardware devices, very high nonlinearity, conditional experiment, and so forth. This is called
the TDE error. To compensate a TDE error, we continuously develop the adaptation of SMC term (ASMC)
and add it to control signal. The stability of the whole system is guaranteed by the Lyapunov theory and
Barbalat’s Lemma and ensured by bounded input and bounded output (BIBO). Furthermore, the proposed
model-free control law (TDE-ASMC) in DVAs is compared to the its passive in previous study by using
similar physical parameters in order to verify advantages, fairness, and effectiveness. Based on compared
results, it is well established that a practical feasibility of the active DVAs is highly appreciated.
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Figure 1. A mechanical structure of active dynamic vibration absorber.

By mentioned analysis, the contributions of this study are noted as follows

e By having controller inside, the passive DVAs becomes to the active DVAs, which can overcome
complicated working behaviors.

e The proposed model-free control (TDE-ASMC) is designed for the active DVAs.

e The complex mechanical structure, disturbances, unforeseen features, and so on of the active DVAs are
dealt with by the proposed controller (TDE-ASMC).

o The whole DVAs is stable and entirely guaranteed by using Lyapunov theory and Barbalat’s Lemma.

o With the proposed controller, the active DVAs is outstanding to implement in real system, furthermore,
mass production.

This article includes that Section 2 reveals the configuration of the active DVAs in detail to carry out the
dynamic model. Section 3 illustrates the proposed model-free control method (TDE-ASMC), and the
stability is analyzed in detail. Section 4 shows numerical simulation results are fully conducted and
compared to the previous study as the passive DVAs. Finally, conclusion of the paper is Section 5.

2. Configuration of Active Dynamic Vibration Absorber

The kinematics of the active DVAs are calculated for five degrees of freedom using the Coriolis theorem.
The model scheme is shown in Figure 2 and its mathematical model with respect to the global frame (Gebai
et al., 2016c).

Scketch of active DVAs’ mechanical diagram Struture of mechanical conception

Figure 2. An architecture of active dynamic vibration absorber system for palm.
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The kinematics of the active DVVAs can be obtained as follows:

v, =V, +Qxyz,XYZ Fo=2a6]
Va =V + iz XTao =h6,]
¥, =Va+ (Vo) + Qogurxz XFon = =3, (6,+6,)T +1,6,]
Uy =V, (Van )y, + Qg X Fun =~ (6,46, )T +16] o
e =Va+ (VY )XyZ Xyz,XYZer,A— I(6?+6’) +1.6,]
=V + (Ve ) gyr T Leyrannvz Xl = [(34+|2)(191+6’2)+a494]7+|19j
V, =V +

(VallBl)X y'z' +Qx'y'z‘/XYZ X Ve Z_[(Ia1+as)(‘9 +‘9 )+830a1:| I+ 9 J

Vaz \752 + (VaZ/BZ )X-y-z- + Qx'y'z'/xyz XTogy = [( Ia2+ as )(91 + 6}2 ) + aséaz ] i+ |191T

Based on a combination of Lagrange theorem and Rayleigh dissipation function, the generalized
mathematical model of the active DVAs can be formed as follows:

M(0(t))8(t)+C((t).0(t))8(t)+K(0(t))0(t)+d(t) =F, (t) +F,(t) (2

where 0(t)e R, 6(t)eR°,and 6(t) e R° are the angular displacement, the velocity, and acceleration of the
joints, respectively. M(o(t))e®>® is a positive definite inertia matrix. c(e(t),e(t))emSXS and
K((—)(t))e(t)eiRSXS are a positive damping and stiffness of spring matrices. d(t)eiR5 is noted a vector of
disturbances and unexpected factor. F(t)e®’® is the tremor force of shoulder and elbow muscles.

F(t)e R° is noted as the active control force. The elements of matrix of physical parameters are obtained
as follows:

2 2 2 2 2 2 2 2 2 2 2
My, = (1, +mal )+ (1, +myald )+ mle +my (17 13 )+ m, (17 +17 + a5 + 2la, )+my, (17 +17 +af + 21,3,
+my, (I +12, + a2 +21,,a,)

M,, = ( 1, + m2a22)+ m,I2 +m, (I22 +a’+ 2I2a4)+ mal(lj1 +a’+ 2Ia1a3)+ma2 (Ij2 +a’+ 2Ia2a5)

My, =m,(a +1,a,), My, =m, (a +1,3;), Mys =m,, (a2 +1,,a,), ()]
M, =M, M, =M, M, =M,;, M,, =M,,, M. =M, f, (1)
M, =M, M, =M,,, M, =1, +m,a?, M,, =0, M, =0 , F(H)=| 0
M, =M,, M, =M,,, M,; =M,,, M,, =m_ a2, M,; =0 0
Mg, =M, Mg, =M, Mg, =M., Mg, =M., M, =m_,a? . 0 ]

k,+k, k, 0 0 0] c+c, ¢ 0 0 0] di (t)
k, k+k, 0 0 O G, ¢c+c, 0 0 0O d, (t)
K=| 0 0 k, 0O 0};C=l 0 0 ¢, 0 0[;d(t)=]dy(t)].
0 0 0 k, O 0 0 0wc, O d, (t)
0 0 0 0 k| 0 0 0 0 c,] dg (t)
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3. Control Designs

3.1 Time-delay Estimation and Robust Adaptive Sliding Mode Control Techniques

The general mathematical dynamic modeling equation of the DVAs for palm is described in Equation (2).
By multiplying M (e(t)) in both sides of Equation (2) and rearranging, we can obtain,

8(t) =M (0(t))F, (t)-M™(8(1))[ C(6(1),0(t))8(t) + K (0(1))8(t) +d(t) |+ MF, (¢) @
+[M*(0(t))-M" R (1)

where, M e %°° is a nominal mass matrix to be guaranteed stability in Lemma 1. Simplifying Equation (3)
in a compact form as follows
0(t)=T(t)+M"F,(t) (4)

where, F(t)=—M’l(O(t))[C(()(t),O(t))é(t)+K(9(t))9(t)+d(t)}+[M’1(9(t))—1\7[’1]Fc(t)+M’1(9(t))Ft(t)e‘.RS
involves the remaining term in Equation (3). In this study, the mass of active DVAs dynamics in Equation
(4) is assumed to satisfy |||\/rl(e(t))||2 <, for apositive value oy, .

The aim of this article desires that the active DVAs can absorb all tremor of the palm in Parkinson’s patient
that mean the angular displacement 6(t) is more asymptotic to zero as much as possible, i.e.
e(t)=0,(t)—0(t) has been bounded in narrow range or converged to zero. To do this controlling task, the
sliding manifold variable is first defined as follows

s(t)=e(t)+Ke(t) (®)

where, the sliding manifold vector is as S(t)=[31(t),82 (t),55(t),s, ()5 (I)JT e®’. The positive design

parameter K, =diag(k, k, .k, .k, .k, )€ %> is noted to ensuring the stability of the whole system. Based

SRR
on the sliding mode algorithm and the sliding manifold variable s(t) in Equation (5), the controller can
be obtained as follows
F.(t) =—MI(t)+ M| 8, (t)+ K.&(t)+ K, sgn(s(t))] (6)

where, it emphasizes that F,(t) in Equation (6) is distinguished the fact control input F,(t) in Equation (3),
which is designed by using the model-free law. A positive control gain matrix is defined as
K, =diag (kal Ko, Ky K K ) € > . Besides, the elements of the term signum function sgn(e) are denoted

as sgn(s(t))=[sgn(sl(t)),sgn(sz(t)),...,sgn(s‘,,(t))]T e%R®. The term T'(t) is an estimation of I'(t) in
Equation (4), obtained by a former sampling time measurement of dynamic model, associated the TDE
technique. Based on the TDE theory (Baek et al., 2016; Abdelwaheb et al., 2023), the term f(t) can be
estimated as follows

I(t)=C(t-1)=0(t—1)-~M"F, (t-1) @)

where, | is a sampling time of numerical controller, applied to the real dynamic model. Substituting
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Equation (7) into Equation (6), the model-free of sliding mode control is a consolidation of TDE and SMC
techniques as follows

F(t)=-MB(t—1)+F, (t—1)+M][ 6, (t)+K.e&(t)+K,son(s(t))] (8)

TDE SMC

Proof of the stability of controller is mentioned in Section 3.2.

In this article, we proposed the model-free control based on consolidating TDE and SMC techniques for
the active DVAs. The TDE theory has demonstrated that the sampling time is sufficiently small, i.e., the

estimation of the term () in Equation (6) can converge to F(t) in Equation (4) as possible. Nevertheless,
in the real implementation, the term ) is arduous to execute precisely even with minimal sampling time

|. Hence, it always exists an error between the terms I'(t) and T(t), labeled TDE error. The TDE error in

the active DVAs is inevitable, caused by disturbed sensor, signal delay, measurement noise, high
nonlinearity, and so forth as well as limitation of sampling time by hardware (Siciliano and Kroger, 2016).
Therefore, it is obvious to develop the extraordinary to compensate the TDE error by using the term of
adaptive sliding mode and adding it to the controller in Equation (8). The proposed model-free control
(TDE-ASMC) is developed as follows

F.(t)=-Mb(t—1)+F, (t 1)+ M[8, (1) + K.e(t)+ K,sgn(s(t)) ]+ M[K (t)sgn (s(t))] 9)

[

TDE SMC ASMC

where, K(t)=diag (IZl (1)K, (1), ks (1)K, (t),lé(t)) eR>® is a positive adaptation control gain matrix to

be determined for guaranteeing stability, and the term ASMC is zero the control law in Equation (9)
becomes the controller in Equation (8). The proposed model-free control (TDE-ASMC) in Equation (9) is
schemed in diagram as seen in Figure 3. The term ASMC employs a robust adaptation as follows:

A

k (1) =g s, (1)) 4 (e (V)]) (10)

where, i =1,2,3,4,5eR. ¢ isthe scalar of tuning positive gains for the speed of adaptation. The adaption
enforces the robustness with dead-zone modification as the term ,, (Hei (t)H) (Karl and Bjorn, 1994; Eugene

and Kevin, 2013). It halts the adaptation process when the norm of the error of tracking response falls below
the specific value ¢ . This assures uniform ultimate boundedness (UUB) (Eugene and Kevin, 2013). The
conventional dead-zone can lead to chattering, characterized by high-frequency oscillations and unforeseen
outcomes, particularly right on or close to the dead-zone boundary. Based on the Lipschitz-continuous
modulation function, the dead-zone modification is introduced as follows (Eugene and Kevin, 2013).

m (||ei (t)||) = max {0, min(l,%ﬂ (11)

where, the scalar is defined 0 <& <1 and the specific value ¢ is prescribed by the regular of the active
DVAs. The quality of adaptation gains , (t) is significantly affected by the specific value & . In Equation

(11), the dead-zone modification has two forms following as: Hei (I)Hw 2¢ and ”ei ('[)“oo <& . In case one,
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Hei (I)Hw <&, the adaptation process stops updating because of the sliding variable in the vicinity of the

stable stage of the whole system. In case two, Hei (t)Hw > ¢ , the adaptation process has continuously updated
until the stability of the whole system reaches a stable vicinity, i.e., becoming case one.

d
-M — e
dt?
e S
| Active |0(t)
"| DVAs

Dead-zone
modification and
integrator

Figure 3. The diagram of proposed model-free control (TDE-ASMC).

3.2 Stability Analysis

The Lammas is introduced that will help in the proof of the stability of the whole system.

Lemma 1: (Baek et al., 2016; Jin et al., 2017) The nominal mass value matrix in Equation (3) is identified
to satisfy as follows:

Jr-m(o(t))Mm]|| <1 (12)
for vt>0, then Hé(t—L)—é t)H2 —0 as L—0 and the TDE errors are bounded by ideal parameter
Iy e, e, [0 (6) - (1) <T7.

Lemma 2: (Baek et al., 2016) The upper bounded of adaptation gain k, (t) is prescribed by a positive gain
k" as follows:
k (t) <k, Vt —>o0 (13)

Theorem 1: The proposed model-free (TDE-ASMC) in Equation (9) for active DVAs, in the case

Hei (I)HOo <&, with a specific error time t, >0, and it is guaranteed an UUB for t >t. as follows:
s, <,[S5° 4k, (14)
i=1
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~ 2
where, ki, isthe maximum constant of $° = (r _g
2 {ri k)

Firstly, the model-free control law in Equations (6) or (8) needs to be stable before going to further,
therefore, a Lyapunov function is selected as follows:

W(t):%sT (t)s(t) (15)

Taking the time derivative of the Lyapunov function in Equations (15) and (5), and substituting Equation
(6) to the calculated time derivative, we can obtain as follows:

W (t)=s' (t)S(t)
W (1) =s" () F(1)-T(1)]- ZIS (O)lk,

(16)

The proof of Equation (16) is given in Appendix A.

The term s’ (t)[f(t)—l"(t)} in Equation (16) is implied to be zero by using the model-free theory (TDE

technique) in Equation (7). Hence, the time derivative of the Lyapunov function in Equations (16) the time
is negative W (t)<0,Vt —> oo . By applying the Barbalat’s lemma (Slotine and Li, 1991), the sliding

manifold variable s(t) is guaranteed boundness, i.e., the error of tracking response also is bounded. It is
established that the stable property of active DVAs is verified.

Furthermore, the stability of the whole system for the proposed model-free control (TDE-ASMC) in

Equation (9) needs to be ensured. For this purpose, a Lyapunov candidate yields
2

V(t)=s (t)s(t)%ti%(r;_@ (1)) (17)

Taking the time derivative of the Lyapunov function in Equation (17), we obtain as follows:

V(1) =sT (1)3(t)- Z ( ROk () (18)

Substituting Equations (4) and (5) into Equation (18), it is arranged as follows:

V(t)=s" (t) ©(t)-N(t)-T(t) |-A(t) (19)

where, N( ), Ot ) and A(t) are defined as the TDE error I'(t)—T(t)e®°, -M'F,(t)+0,(t)+K.é(t)e R
, and z ( )* (t) e R°, respectively. Substituting Equations (7) and (9) into Equation (19), it can

i=1 (pl
form as foIIows

Zs [ —k, sgn(s,)—k; (t)sgn s )}—A(t) (20)
The proof of Equation (20) is given in Appendix B.
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By using engineering mathematical inequality, Equation (20) can be rearranged as follows:
n=5 n=5 n=5 n
<S5 (0N (0] - (O, s (0% (-0
n=5 n;5 n;5 n n=5 1 n R
P2 s (DN (t)] —;|si (t)k, —Z|si (1)K (t 2 ;(r -k (D) (1) (21)
. n=5 n n=5 1 n - In:5
V(t)S _=1|Si (t)||:|Ni(t)|_ki (0}‘;;( K ( ))k, (t) _=l|si (t)|kai

Applying the Lemma 1 into Equation (21), it is rewritten as follows:

)< S 1[Im0~ 8, 0k 0] -5 (1K 0K - Sls (0,

ikmﬂlh;-&u)}—”zs (=R OK O 0,
1 (22

=S Ol K 0]-5 2 -k O 0-Ss (0K,

i=1 i i=1

V(R 0) s 0 260 -S 0k,

@;

5 -
1l

[~ S|+

hS

>

In Equation (22), we need to take into account two cases: [s(t)]. =5 and [s(t), <s- In case one, Isv)]. =5
, Equation (22) becomes as follows

V(t) -3 s, (D]k, <k, (23)

The inequality (23) shows that V (t) is bounded because 0<V (t)<V (0) <. If the sliding variable leaves

the area HS(I)HOO <8,V (t) is negative again as follows in Equation (23). The upper bound of HS('[)”2 since

the first time the sliding variable s(t) entries the area ||s(t)| <s. The Lyapunov function V (t) in

Equation (17) is bounded as follows
2

eIl 0

1
S =v 0 < 2bof 352

n=. 2 - - -
As above mentioned, the term lil(ri*_ﬁi (t)) in Equation (24) is bounded because of Lemma 2 and

2iﬂ,¢
Theorem 1. It can be rewritten as follows:
n=5 n=5 _
V(t)<%2§2+%ZkM (25)
i=1 i=1

Taking the Equation (25) into Equation (24), it yields,
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L 18, 18,
s <Y 5 +=3 K,
2 224 2
i=1 i=1 (26)

Equation (26) implies that the sliding variable s(t) is UUB and guaranteed to be upper-bounded by
Equation (26). The upper bound in Equation (26) can be founded by adjusting & and ¢ .

By the Theorem 1, “S(t)uz is upper-bounded and also a bounded input of whole active DVAs. As mentioned

in the Barbalat’s lemma (Slotine and Li, 1991), s(t) is bounded, i.e., the tracking error e(t) is also
bounded, meaning stability of bounded input and bounded output (BIBO) (Hangos et al., 2004).

4. Numerical Simulation

4.1 Settings

The numerical simulation with the proposed model-free control (TDE-ASMC) in Equation (9) is conducted
by using the mathematical model of active DVAs in Equation (3). The active DVAs absorbs the tremor of
the palm, therefore, its desired displacement is as close to zero as possible. In limitation of this study, the
frequency of tremor is taken natural frequency (Marino et al., 2019). The tremor forces cause by upper arm
(f1) and forearm (f) (Gebai et al., 2016c). The disturbance is assumed |d (t)| < e, - The sampling time has

to be minimum as much as possible because the active DVAs operate in high frequency and the proposed
control law can highly estimate the uncertain term (Beak et al., 2016).

For fairness in this study, we simulate and result similarly to the dynamic of passive DVASs in the previous
study (Gebai et al., 2016a). The nominal dynamic parameters of the active DVAs are listed in Table 1.

The nominal dynamic parameter in Table 1 satisfies the condition of Lemma 1. The initial input values of
the active DVAs at t, =0 are 6(t)=[0,0,0,0,0]", 6(t)=[0,0,0,0,0]", F,(t)=[0,0,0,0,0], and
F.(t—L)=[0,0,0,0,0]" . The sampling time is selected as 1 (ms) because the object is anti-vibration
system.

Table 1. Nominal parameters of the active DVAs.

Specifications Parameters

Inertia (kng) I, =0.228;1,=0.82; 1, =0.012

Mass (kg) m =3;m,=4;m, =2;m, =0.05;m_, =0.05

Length (m) 1,=0.3;1,=05;1,=0.351, =0.15;1,, =0.1
Distance (m) a =03a,=02a,=024a,=0.25a =02

Spring (N/m) k, =15.98; k, = 20; k, = 6.4; k, = 3.1; k,, = 0.02k;; k,, = 0.02k,
Damper (Ns/m) ¢, =0.05k;; ¢, = 0.05k,; ¢, = 0.05ks; ¢, = 0.05k,; C,, = 2¢;; C,, = 2C,

Tremor force (N) (Silvia, M., 2019) f, =1.5sin(1.5t); f, =5sin(5t); f;=f, = f, =0
Disturbances (rad) d(t)=[05,04,030.2, 0.1]T
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The design of proposed model-free controller (TDE-ASMC) is mentioned in Equation (9), thus, the control
matrix gains are prescribed as follows:
K, =diag (0.55, 0.55,0.55,0.55, 0.55) e R>*;

K, = diag(0.35,0.35,0.35,0.35,0.35) & R
@ =055 i=12,..5
£=01 i=12...5
5 =025 i=12,..5.

4.2 Results

The active DVAs for palm tremors in Parkinson's patient has rarely been researched, compared to passive
DVAs. The reason is that a main disadvantage of passive DVAs is designed for personal patient. In these
cases, the force of palm tremors is enormously grown, affected by unforeseen factors or disturbances, and
so forth, for this reason, performing the anti-vibration function of the palm in the best way is very
challenging for the passive DVAs. For development of the active DVAs by using the model-free control
(TDE-ASMC), its simulation results are compared the passive DVAs (uncontrolled) for effective reality
and fairness. The numerical simulations are conducted in two scenarios. In scenario one, the period of sixty
seconds is simulated and evaluated in detail. Moreover, a simulated ten-minute case is carried out to verify
the stability and effectiveness of the whole system.

In Figures 4 ~ 8, the tracking response of the proposed model-free controller (TDE-ASMC) of the active
DAVs is presented, compared to its model of passive DVAs. These results demonstrate advantage of the
active DVAs with the proposed control as follows: a) The active DVAs with controller can suppress the
tremors of the palm in Parkinson's patient in the case of the changing amplitude and frequency of tremors;
b) The active DVAs with the proposed model-free (TDE-ASMC) can cope with complicated system and
disturbances. These advantages of the active DVAs, the passive DVAS in the previous study are not.

The error of tracking angular displacements of DVAs is illustrated in Figure 9. The error of angular
displacements (04, 0s) converges to zero after eight seconds while those of s, 6> and 6z are bounded by a
narrow range of error, which is verified by designing control theory in Section 3. Moreover, the stability of
the whole active DVAs with proposed controller (TDE-ASMC) is revealed in Figure 10. The phase-
portraits shows the characteristics of the angular displacements 61, 62, 65, 64 and 5. Not only it confirms
again the range of tracking error but also it presents the speed of stable stage by time derivative of tracking
error. By these results, the stability is surely guaranteed. Finally, the control input signals of the active
DVAs are described in Figure 11, noting the amplitude of the signal for implementing hardware in real
physical system.

Moreover, to determine the practicality, effectiveness, and stability of the whole active DVAs for

implementation in real system, we result the proposed control in ten minutes. These results are in Figure
12, overcoming all issues and verifying the rightness of scenario one.
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Figure 5. Tracking response of angular displacement 6.
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5. Conclusions

In this article, the active DVAs is studied and developed based on the passive system, being necessary for
Parkinson’s patients. The model-free control (TDE-ASMC) is proposed for the complicated system inside
of the DVAs. Its control law can cope with incorrect physical parameters, nonlinearity, disturbances,
unpredicted factors, and so forth for the performance of the whole system. Additionally, the stability of the
active DVAs is carried out and ensured by Lyapunov theory and Barbalat’s Lemma.

For fairness, this proposed method uses the similar dynamic parameter of the DVAS in previous research
for compared purpose, was passive DVAs. The results note that the active DVAs with the proposed
controller (TDE-ASMC) can suppress the tremor forces with changing amplitude and frequency while the
passive DVAs does not. In particular, the frequency of tremors is taken by using natural frequencies with
larger amplitude. The active DVAs can suppress the tremor with the error range in 61, 6, s, 64 and 65 are

+0.01, i0.00S,[—0.0J; 0.012],0 , and 0 (rad), respectively, however, the passive one cannot absorb the tremor
and it oscillates with large amplitude in 61, 62, and 8z are [-0.38; 0.35], [-0.4; 0.38 and [-0.18; -0.01] (rad),
respectively. Moreover, the 6, and s of passive DVAs present clearly failing to absorb the tremor, i.e.,
convergence to zero, instead of being -0.6 (rad) and -0.25 (rad). Besides, the phase portrait shows the
characteristics of the whole system, illustrating the stable stage and speed of steady state of the whole
system. Therefore, active DVAs can easily be produced and manufacture for all patients while the passive
DVA:s is for personal. Not only carefully analyzing the simulated results in scenario one as a minute to
show all of the advantages of the proposed method, but also the simulation is conducted in scenario two as
ten minutes for real implementation in the future.
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Appendix A
W (t)=s"(t)s(t)=s"(t)[E(t)+Ke&(t)]
=" (1)] 6, (t)-(M'F, (1) + T (1)) + K.&(1) |
Substituting Equation (6) and Equation (7) into Equation (A.1), we can obtain as follows:

W (t)=s" (1) F(t)-T (1) |-s" (1)K, son(s(t))
W (1) =5 (O F()-r(0)]-3h (0,

(A1)

(A2)

Appendix B

V(t)=s" (t)[©(t)-N(t)-T(t)|-A(1)

(B.1)
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Substituting Equation (7) and Equation (9) into Equation (B.1), it can be obtained as follows:

V(t)=s" (t)[—N(t)—f(t)+f(t)—[0d (t)+Ke(t)+K, san(s(t))]
~[R(t)son(s(t)) ] +8, (t) + K.e(t) |- (1)

Equation (B.2) is rearranged as follows:

V(t)=s" (1) -N(t)- K, sgn(s(t))- K (t)san(s(t)) |- A(t) (B.3)

By using the diagonal principle, Equation (B.3) can be rewritten as follows:

(B.2)

V()= Zs (0[N, (1)K, (t)san(s,)—K (D)san(s,) |-A(t) (8.4)
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