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Abstract— This paper is concerned with a new fully adaptive
control scheme for vibration isolation using a semi-active
MR damper. A simple mathematical model is presented to
express its hysteresis behavior of nonlinear dynamic friction
mechanism of the MR fluid. The model parameters are
identified by using an adaptive observer, and the identified
model is effectively used to synthesize an adaptive inverse
controller to attain linearization of the nonlinear behavior of
the MR damper, which generates the necessary voltage input
to the MR damper so that the desirable damping force can be
added to the structure. The desired damping force can also be
designed so that the behavior of the structure may coincide
with a desired reference dynamics even when the structure
model involves uncertain parameters. Hence the proposed fully
adaptive algorithm can deal with the uncertainty in the MR
model as well as the uncertainty of the structure. Simulation
results validate the proposed fully adaptive control algorithm.

I. INTRODUCTION

In order to efficiently use the MR (magnetorheological)

damper for attenuating vibrations, we should clarify a

dynamical model for deciding the necessary input voltage

to the MR damper to generate the required damping force.

The MR damper has inherently has hysteresis characteristics

in nonlinear friction mechanism, and many efforts have

been devoted to the modeling of nonlinear behavior from

static and dynamic points of view [1][2]. Static models for

MR damper can express nonlinear mapping from veloc-

ity to damping force, by adopting piecewise linearization,

combination of hyperbolic functions, polynomial models

and others [1][3]-[6]. However, it seems rather hard to

express its hysteresis curves by using a small number of

model parameters from actual nonstationary seismic input-

output data. Dynamic model can better describe nonlinear

dynamic behavior, and so many works have been done, for

instance, the Bouc-Wen model [1][2], LuGre model [7][8]

and their modifications [9] have been discussed. The Bouc-

Wen model can simulate the nonlinear hysteresis behavior

of MR dampers, however it has a complicated structure

which includes too many model parameters to be identified

in real-time manner. The LuGre model has a rather simple

structure and the number of model parameters can also be

reduced [8], however, it is not adequate for real-time design

of an inverse controller.

Control strategies for vibration isolation depend on mod-

eling of MR damper. Several approaches to determination

of the input voltage of MR damper have been proposed.

The voltage input is decided so that the damping force

of the MR damper can track a desired command damping

force which can be given by the LQG control or clipped-

optimal control [10][11]. Inverse modeling approach is

also proposed based on neural network [12] to decide the

voltage input generating the command damping force. By

regarding the total system including the MR damper and

linear structure as a nonlinear controlled system, nonlinear

control design methods can also be applied, such as sliding

mode control [11], gain scheduled control [13], adaptive

control [14], nonlinear H∞ control.

The purpose of the present paper is to give a fully

adaptive control approach which can cope with uncertainties

included in both MR damper model and structure model.

The proposed control approach consists of two adaptive

controllers: One is an adaptive inverse control for com-

pensating the nonlinear hysteresis dynamics of the MR

damper which decides the input voltage to MR damper

to generate the command damping force. The other is an

adaptive reference feedback control which can match the

dynamics of the first floor of the structure to a specified

reference dynamics even in the presence of uncertainties

in the structure model. Simulation results revealed that the

proposed fully adaptive algorithm can reduce the command

damping force compared to LQG control scheme using true

structure parameters, and thus the linearization from the

command damping force to the actual damping force acting

on the structure can better be attained. Finally stability

conditions of the total control system are analyzed on some

feasible assumptions, since the overall algorithm and system

configuration is rather complicated.

II. PROPOSED TOTAL VIBRATION CONTROL SYSTEM

Isolation of structures from earthquakes can be attained

by a semi-active MR damper installed between the ground

level and the first floor as illustrated in Fig.1. Fig.2 shows a

schematic diagram of the proposed fully adaptive vibration

isolation system for a three-story structure. In the paper,

we first propose a simple mathematical model for the

MR damper, which can express hysteresis characteristics in

nonlinear friction dynamics, and give an analytical method

for deciding the necessary input voltage v(t) to the MR

damper so as to generate the required command damping

force fc(t). If the adaptive inverse controller is perfectly de-

signed so that the linearization from the command damping
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Fig. 1. Schematic diagram of 3 story structure with MR Damper

force fc(t) to the actual damping force f(t) acting on the

structure, that is, fc(t) = f(t), we can realize almost active

control. When the linearization can be attained, we can

design a feedback controller in a feedback loop to control

vibration of the structure as if it is an active control.

However, since the MR damper is actually a nonlinear

semi-active device, it is difficult to make it play as an active

device, and it needs very fine and complicated tuning of the

inverse controller in adaptive manner. Straightforward use

of the optimal LQG control in the feedback loop cannot

attain good performance. Therefore, in order to realize a

almost active control using the MR damper, we should

construct a precise MR damper model and a corresponding

inverse controller, and further design a new adaptive feed-

back controller compensating uncertainties of the structure.

The main purpose of the paper is to realize a fully adaptive

vibration control using the MR damper, which consists

of two controllers: One is the adaptive inverse controller

which can give a required input voltage v so that the MR

damper can give a desired command damping force fc, and

the other is the adaptive reference controller which can

give the command damping force matching the structural

dynamics to and compensate for uncertainty in the structural

parameters.

III. ADAPTIVE INVERSE CONTROLLER FOR MR

DAMPER UNCERTAINTY

A. Modeling of MR Damper

The MR damper is a semi-active device in which the

viscosity of the fluid is controllable by the input voltage.

Experimentally it has been observed that the MR damper

has hysteresis effects in its nonlinear friction mechanism.

A variety of approaches have been taken to modeling of

the nonlinear behavior of the MR damper. The Bouc-Wen
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Fig. 2. Proposed fully adaptive vibration isolation control system

model and its variations can express its nonlinear input-

output dynamic relation by a set of nonlinear differential

equations [1][2]. However they include too many model

parameters to be identified. Modeling based on the LuGre

model has also been studied to express the nonlinear behav-

ior from a friction point of view [7][8]. The friction mecha-

nism is a phenomenon in which two surfaces make contact

at a number of asperities at the microscopic level. In the

modified LuGre friction model, this mechanism is expressed

by the average behavior of the bristles. The model has

simpler structure with small number of model parameters.

However, it is difficult for this model to calculate optimal

voltage input which produces desired damping force due

to its complicated dynamics, that is, an inverse model can

hardly be created.

One of the aims of this paper is to give a simple model

which can analytically create an inverse model as well

as express dynamic friction characteristics and hysteresis

effect. In the proposed model, the damping force f is

expressed by

f = σaz + σ0zv + σ1ż + σ2ẋ + σbẋv, (1)

ż = ẋ− σ0a0|ẋ|z (2)

where z(t) is an internal state variable (m), ẋ(t) velocity

of structure attached with MR damper (m/s), σ0 stiffness of

z(t) influenced by v(t) (N/(m·V)), σ1 damping coefficient

of z(t) (N·s/m), σ2 viscous damping coefficient (N·s/m),

σa stiffness of z(t) (N/m), σb viscous damping coefficient

influenced by v(t) (N·s/(m·V)), and a0 constant value
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(V/N).

Substituting (2) into (1), we obtain the nonlinear input-

output relation as

f = σaz + σ0zv − σ0σ1a0|ẋ|z + (σ1 + σ2) ẋ + σbẋv (3)

Let the parameter vector θM and the regressor vector ϕM

be defined as

θM = ( σa σ0 σ0σ1a0 σ1 + σ2 σb )T

= ( θ1 θ2 θ3 θ4 θ5 )T (4)

ϕM = ( z zv −|ẋ|z ẋ ẋv )T . (5)

Then, (3) can be rewritten into a compact form as

f = θT
MϕM . (6)

Let the identified parameter vector θ̂M be denoted by

θ̂M = ( σ̂a σ̂0 ̂σ0σ1a0 σ̂1 + σ2 σ̂b )T

= ( θ̂1 θ̂2 θ̂3 θ̂4 θ̂5 )T . (7)

Then the following assumptions are made: (i) The value of

σ2 is known, but it is not so restrictive as stated later; (ii) In

order to assure that ẑ ∈ L∞ where ẑ is an estimate of the

internal state z which is given later, an upper bound ĝmax

on ĝ ≡ 1/σ̂0a0 = (θ̂4 − σ2)/θ̂3 is known, i.e., both lower

bounds σ̂0min and â0min are known; (iii) In order to design

a stable adaptive observer for ẑ and decide the observer

gain L, an upper bound σ̂1max on σ̂1 is known.

Since the internal state z of the MR damper model cannot

be measured, the regressor vector ϕM should be replaced

with its estimate ϕ̂M as ϕ̂M = (ẑ, ẑv, −|ẋ|ẑ, ẋ, ẋv),
where the estimate ẑ is given later by using the updated

model parameters. The output of the identification model is

now described by f̂ = θ̂
T

M ϕ̂M .

B. Adaptive Identification of Model Parameters

Let the estimation error be defined by

ε ≡ f̂ − f. (8)

Then by using the updated parameter σ̂0a0 and the esti-

mation error ε, the estimate ẑ of the internal state can be

calculated as

˙̂z = ẋ − σ̂0a0|ẋ|ẑ − Lε, (9)

where L is an observer gain such that 0 ≤ L ≤ /σ̂1max.

Next, we introduce the normalizing signal defined as

N =
(
ρ + ϕ̂T

M ϕ̂M

) 1
2

, ρ > 0, (10)

and the signals divided by N are defined as ϕMN = ϕM/N
and ϕ̂MN = ϕ̂M/N , where, by using the assumption (ii),

it can be proved that z ∈ L∞ and ẑ ∈ L∞. Then, it also

holds that v ∈ L∞ and ẋ ∈ L∞, when v and ẋ are bounded

inputs. By using the normalizing signal N , it is given that

ϕMN ∈ L∞ and ϕ̂MN ∈ L∞. Then, by using (8) and (10),

it leads to the normalized estimation error expression:

εN = f̂N − fN , (11)
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Fig. 3. Experimental result: Estimation error ε = f̂ − f
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Fig. 4. Experimental result: Convergence profiles of identified
model parameters

where fN = f/N and f̂N = θ̂
T
ϕ̂MN .

By using εN and ϕ̂MN , we can give the adaptive law

with a variable gain for updating the model parameters as

˙̂
θM = −Γϕ̂MNεN (12)

Γ̇ = λ1Γ − λ2Γϕ̂MN ϕ̂T
MNΓ (13)

where λ1, λ2 and Γ(0) have to satisfy the following con-

straints: λ1 ≥ 0, 0 ≤ λ2 < 2, Γ(0) = ΓT (0) > 0.

Now the physical model parameters can be calculated

from θ̂M by using (7).

In the above, we assumed that the model parameter σ2

is known. Otherwise, we should estimate its nominal value

prior to the adaptive identification, or update the estimates

of θM and σ2 iteratively.

C. Model Validation in Experimental Results

The proposed model was examined via adaptive identifi-

cation experiments in which the MR damper (RD-1097-01)

provided by Lord Corporation was adopted. A laser dis-

placement sensor was placed to measure the displacement x
of the piston rod of the MR damper, and a strain sensor was

installed in series with the damper to measure the output

force f . The signals x and f are sampled at the rate 10
kHz. The identified model has two inputs of velocity ẋ and

voltage v and one output f . As for the input velocity ẋ,

we used the NS component of the 1940 El Centro seismic

data, and the input voltage v was chosen a random signal.

Fig.3 gives a convergence profile of the estimation error

ε = f̂ −f in (8). It is shown that the error decreased within
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Fig. 5. Measured hysiteresis characteristics of MR damper
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Fig. 6. Estimated hysiteresis characteristicss of MR damper
obtained by the proposed adaptive identification method with
adaptive observer

about two seconds. The time profiles of the MR damper

model parameters are also given in Fig.4, in which quick

convergence is also attained within two seconds.

The proposed model and adaptive identification algorithm

can be validated by observing the hysteresis characteristics

of the MR damper when sinusoidal movements with am-

plitude of 1.5cm were applied for constant voltages 0, 1

and 1.25 V. The measurement results show that the MR

damper has the hysteresis behavior between the velocity ẋ
and damper force f as shown in Fig.5(a), and the hysteresis

property between f and x shown in Fig.5(b). On the other

hand, Figs.6(a)(b) show the hysteresis properties, which

were obtained by the proposed adaptive identification of the

model with the adaptive observer. The hysteresis dynamics

can be almost perfectly expressed by the proposed model

and adaptive identification algorithm.

D. Design of Inverse Controller

The role of the adaptive inverse controller shown in Fig.2

is to decide the control input voltage v to the MR damper

so that the actual damping force f may coincide with the

specified command damping force fc, even in the presence

of uncertainty in the MR damper model. The input voltage

giving fc can be analytically calculated by taking an inverse

model of the proposed mathematical model of MR damper

(3). Actually using the identified model parameters, the

input voltage v is given from (1) and (2) as

β = σ̂0ẑ + σ̂bẋ

dβ =
{

β for β < −δ, δ < β
δ for − δ ≤ β ≤ δ

vc =
fc − {σ̂aẑ − σ1â0|ẋ1|ẑ + (σ1 + σ̂2)ẋ1 − Lε}

dβ

v =

⎧⎨
⎩

0 for vc ≤ 0
vc for 0 < vc ≤ Vmax

Vmax for Vmax < vc

(14)

where fc is the specified command damping force, which

will be given in the next section. v is assumed to be fixed

near β = 0.

IV. ADAPTIVE REFERENCE FEEDBACK CONTROLLER

FOR STRUCTURE UNCERTAINTY

A. Structure and Reference Dynamics

We consider a three-story structure installed with the

semi-active MR damper as shown in Fig.1. The purpose of

the MR damper is to isolate the structure from vibrations

due to earthquake. We first derive the adaptive reference

feedback controller in Fig.2 separately by considering that

the damping force f can be generated in an active manner.

Next, we replace it with the command damping force fc .

Let the structure dynamics be expressed by

Mẍ + Cẋ + Kx = γf − Mλẍg, (15)

where M is a mass matrix defined by M = diag
[m1, m2, m3], and C a damping matrix and K a stiffness

matrix, both of which has a similar matrix expression as

C =

⎡
⎣ c1 + c2 −c2 0

−c2 c2 + c3 −c3

0 −c3 c3

⎤
⎦

K =

⎡
⎣ k1 + k2 −k2 0

−k2 k2 + k3 −k3

0 −k3 k3

⎤
⎦

We assume that the physical parameters in M , C and

K have uncertainties and that there is only horizontal

displacement but torsions and vertical displacements are not

considered. λ is a vector with 1 in all entries, and γ is a

location vector defined by γ = (−1, 0, 0)T when the MR

damper is installed between the ground and first floor.

Next, we consider a reference model for dynamic behav-

ior of the first floor which is to be realized as

ẍ1 + 2ζωẋ1 + ω2x1 = −ẍg (16)

B. Adaptive Reference Feedback Controller

It follows from (15) that the dynamic equation of the first

floor is expressed by

m1ẍ1 + (c1 + c2)ẋ1 − c2ẋ2 + (k1 + k2)x1 − k2x2

= −f − m1ẍg (17)

Then we consider the manifold surface ξ1 defined as

ξ1 = ẋ1 + (s + 2ζω)−1(ω2x1 + ẍg) (18)

Let a candidate of the Lyapunov function be given by

VS =
1
2
m1ξ

2
1(t) +

1
2
θ̃S(t)T P−1θ̃S(t) (19)
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where let the unknown parameter vector θS and regressor

signal vector ϕS(t) be denoted by

θS = ( k1 + k2 −k2 c1 + c2 −c2 m1 )T

ϕS(t) = ( x1 x2 ẋ1 ẋ2 ẍg − s
s+2ζω (ω2x1 + ẍg) )T

where θ̃S(t) = θ̂S(t)−θS . θ̂S(t) is a adjustable parameter

vector for θS . It should be noticed that we need to measure

the displacements and velocities of two layers x1 and x2,

ẋ1 and ẋ2, and the ground acceleration ẍg to construct the

regressor vectors for any story-structure.

We now take a time derivative of VS(t) as

V̇S = m1ξ1(t)ξ̇1(t) + ˙̃
θS(t)T P−1θ̃S(t)

= m1ξ1(t)
{

ẍ1 +
s

s + 2ζω
(ω2x1 + ẍg)

}
+ ˙̃

θS(t)T P−1θ̃S(t)
= ξ1(t){−(c1 + c2)ẋ1 + c2ẋ2 − (k1 + k2)x1 + k2x2

−f − m1{ẍg − s

s + 2ζω
(ω2x1 + ẍg)}}

+ ˙̃
θS(t)T P−1θ̃S(t) (20)

By using the notation of ϕS(t) and θ̃S(t) in (20), we

have

V̇S = ξ1(t){−f − ϕS(t)T θS} + ˙̃
θS(t)T P−1θ̃S(t) (21)

Therefore, we can give the adaptive damper force f(t) as

f = κξ1(t) − ϕS(t)T θ̂S(t) (22)

and the adaptation law as

˙̂
θS(t) = ˙̃θS(t) = −P ϕS(t)ξ1(t) (23)

Then substituting the above into (21), we have

V̇S = −κξ2
1(t) ≤ 0 (24)

Thus it leads to that

lim
t→∞ ξ1(t) = 0 (25)

then the desired reference dynamics of the first floor in (16)

can be attained even in the presence of uncertainties in any

story structure.

Now as shown in Fig.2, we combine the two adaptive

controllers (14) and (22) to construct the fully adaptive

algorithm, in which the desired damping force fc(t) is

generated as

fc(t) = κξ1(t) − ϕS(t)T θ̂S(t) (26)

V. SIMULATION RESULTS

A. Setup of MR Damper and Structure

It is assumed that the MR damper is installed between the

ground and first floor to isolate a three-story structure from

earthquakes, where the structural parameters are specified

as follows: The mass of each floor is mi = 98.3 [Kg] for

i = 1, 2, 3, the damping factors are c1 = 125, ci = 50
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[N · s], and the stiffness parameters are k1 = 5.26 × 105,

ki = 6.84× 105 [N/m] for i = 2, 3. It is assumed that the

measurable signals are the displacements of the first and

second floors, x1, x2, and the velocities of the first and

second floors, ẋ1, ẋ2, and the ground acceleration ẍg due

to earthquakes. The reference dynamics of the first floor

is given in (16), where the natural frequency and damping

factor are specified as ω = 0.5 and ζ = 0.7, as if the upper

part of the structure is floating.

B. Control Results

The accelerations of three floors controlled by the pro-

posed fully adaptive algorithm are illustrated in Fig.7, in

which the effectiveness of the isolation control is clearly

indicated, compared to a case without any damper. Fig.8

gives the effectiveness of the MR damper based isolation

control in the frequency domain. Two figures plot the

frequency responses from ground acceleration to acceler-

ation of first and three floors. It is confirmed that all of

the resonance peaks can be sufficiently suppressed, even

when both models of MR damper and structure include

uncertain parameters and no prior information on the model

parameters.

Fig.9 shows the convergence behavior of the identified

model parameters of the MR damper in (12) and (13),

and these parameters are used in the construction of the

adaptive inverse controller in (14). All of the parameters

converge to true parameters within about 1.5 seconds after

the control start at 1 second. Fig.10 show the convergence of

the adjustable parameters in the adaptive reference feedback
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controller in (22) and (23). Although initial values for all

the controller parameters are set at zeros, they converge in

stable manner and the control error ξ can also be kept within

a small range.

C. Comparison with LQG Controller

The LQG control schemes are widely applied to structural

vibration control, and its effectiveness is also validated

in a case in which the structural model parameters are

correctly given. However, careful parameter estimation of

a multi-degree-of-freedom structure model and fine tuning

of the controller gains are actually needed, since model

parameter errors sometimes causes large degradation of

control performance The proposed approach can cope with

parametric uncertainties in both MR damper model and

structure model in a real time manner.

If the adaptive inverse controller can achieve perfect

linearization from fc to f in Fig.2 and the parameters of

the structure are precisely known, the adaptive reference

controller in the feedback loop may be designed via the

well-known LQG control for the known linear structure.

We compare the results obtained by the proposed fully

adaptive approach in a case with unknown MR damper and

structure and the results obtained by replacing the adaptive

reference feedback control with the optimal LQG control

for the known linear structure.

Figs.11(a) and (b) illustrate the profiles of the desired

command damping forces fc(t) calculated by the proposed

fully adaptive algorithm and the optimal LQG control with

perfect knowledge on the structure respectively. To make

the difference clear we plotted the relationship between

f(t) and fc(t) on the (fc(t), f(t))-plane. It should be

noticed that the proposed algorithm provides much smaller

magnitude of the command damping force fc compared
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Fig. 11. Command damping force fc (horizontal axis) and
actual damping force f (vertical axis): (a) Proposed fully adaptive
control, and (b) LQG control

to the optimal LQG controller. Compared to the LQG

controller, the proposed adaptive algorithm can better attain

the linear relationship f = fc than the optimal LQG

controller with the perfect knowledge.

VI. CONCLUSION

We have presented the fully adaptive vibration isola-

tion system which consists of the adaptive inverse con-

troller compensating for nonlinear friction dynamics of

MR damper, and the adaptive reference controller matching

the dynamics of the first floor of structure to a reference

dynamics. The proposed algorithm can be applicable even in

the presence of uncertainties in both MR damper model and

structure. It is shown in simulations that the linearization

can be efficiently attained, comparing with the LQ control.

Furthermore, stability of the total system has also been
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investigated and the stability condition is clarified on some

assumptions.
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[7] C. Canudas, H. Olsson, K. J. Åström, and P. Lischinsky, ”A new
model for control of systems with friction”, IEEE Transactions on
Automatic Control, Vol.40, No.3, pp.419-425, 1995.
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VII. APPENDIX: STABILITY ANALYSIS

We discuss the stability condition such that the stability

of the total adaptive control system integrating two adap-

tive controller and structure can be assured. The inverse

controller giving v(t) has a nonlinear form with respect

to the adjustable parameters, so the stability analysis is

so complicated. Thus, in order to investigate the stability,

we will assume that the parameters σ0, σb and a0 in the

MR damper model are known. From the assumption, the

internal state z is directly accessible, ı.e., ẑ = z, and the

required voltage input vc(t) becomes linear with respect to

the unknown parameters σ1, σ2 and σa. It is also that the

input voltage vc in (14) is not saturated. Those assumptions

can make the analysis feasible.

On the assumption, the expression of the integrated

system becomes as

m1ẍ1 + (c1 + c2)ẋ1 − c2ẋ1 + (k1 + k2)x1 − k2x2 (27)

= −f − m1ẍg (28)

f = σaz + σ0zvc − σ1a0|ẋ1|z + (σ1 + σ2)ẋ1 + σbẋ1vc

(29)

vc =
fc − {σ̂az − σ̂1a0|ẋ1|z + (σ̂1 + σ̂2)ẋ1}

σ0z + σbẋ1
(30)

fc = κξ1 − ϕT θ̃S (31)

Let α and β be denoted by α = σ0z + σbẋ and β = σ̂az −
σ̂1a0|ẋ1|z + (σ̂1 + σ̂2)ẋ1. Then, substituting (30) into (29)

gives that

f = θT
MϕM

= σaz + σ0z(
1
α

fc − β

α
) − σ1a0|ẋ1|z

+ (σ1 + σ2)ẋ + σbẋ(
1
α

fc − β

α
)

= fc − β + σaz − σ1a0|ẋ1|z + (σ1 + σ2)ẋ
= fc − θ̃1z + θ̃3 |ẋ1|z − θ̃4ẋ1

Let a candidate of the Lyapunov function be denoted by

V =
1
2
θ̃

T

MΓ−1θ̃M +
1
2
m1ξ

2
1 +

1
2
θ̃

T

SP−1θ̃S (32)

where θM = (θ1, θ3, θ4)T from (4) on the assumption

that σ0, σb and a0 are known.

Then by using the above expressions, and the adaptive

laws
˙̃θS = −P ϕSξ1 and

˙̃θM = −ΓϕMε, and taking time-

derivative of V and using the above expressions, we have

V̇ = −θ̃
T

MϕT
MϕM θ̃M + ξ1(−f − ϕSθS) + ˙̃

θSP−1θ̃S

= −θ̃
T

MϕT
MϕM θ̃M − κξ2

1 + ξ1(θ̃1z − θ̃3|ẋ1|z + θ̃ · x1)

= −κξ2
1 − z2(θ̃2

1 − ξ1

z
θ̃1) − |ẋ1|2z2(θ̃2

3 +
ξ1

|ẋ1|z θ̃3)

−ẋ2(θ̃2
4 − ξ1

ẋ1
θ̃4)

= −κξ2
1 − 1

2
z2θ̃2

1 − 1
2
|ẋ1|2z2θ̃2

3 − 1
2
ẋ2

1θ̃
2
4

−1
2
z2(θ̃1 − ξ1

z
)2 +

1
2
ξ2
1 − 1

2
|ẋ1|z2(θ̃3 − ξ1

|ẋ1|z )2

+
1
2
ξ2
1 − 1

2
ẋ2(θ̃4 − ξ1

ẋ1
)2 +

1
2
ξ2
1

Then, if κ > 3/2, we can have

V̇ ≤ −(κ − 3
2
)ξ2

1 − 1
2
z2θ̃2

1 − 1
2
|ẋ|z2θ̃2

3 − 1
2
ẋ2

1θ̃
2
4 ≤ 0 (33)

Therefore, if κ is chosen so that κ > 3/2, it gives from

the above that V̇ ≤ 0. In ideal situations, κ can take any

positive constant, but the stability analysis on the proposed

fully adaptive algorithm has revealed the stability condition

on κ.
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