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Abstract. In this study, a new optimal control scheme with two proposed theorems is presented.
Two optimal control theorems are developed: (i) the first scheme uses the conventional adaptive
gain with a new proposed saturation function, and (ii) the second scheme utilizes a new adaptive
switching saturation function based on the first model (i). In the first model, the derivative result
is derived in a new form of exponential function of the saturation function. The adaptive gain
for this model includes system states with a chosen matrix of the Hamiltonian equation. In the
second model, a new switching saturation is adopted. The constraints related to the system
states and the chosen matrix are then applied. Unlike the first control scheme, the second scheme
uses the required boundary of the system state for choosing the adaptive gain. The properties
of the saturation function used in the first model are still applied in the second model. The
main advantage of this second model is to provide flexibility in computing the gain under severe
disturbance through the initial boundaries and adjusting the energy consumption of the control
system. After the formulation, the proposed controllers with the new adaptive gains are applied
to a vehicle seat suspension system with non-smooth vibrations. Two existing controllers are also
chosen for this simulation to compare with the proposed models. The simulation results show that
the proposed control schemes can provide better control performances in terms of the PSD index
(power spectral density), displacement, and control input signal.

Keywords: switching saturation function, switching optimal control, non-smooth vibration, seat
suspension system, severe disturbance.

NOMENCLATURE
xy (f) € R" The state vector.
uy (t) € R The control input.
By (t) A time-varying function.
ary The matrix of size n x n.
apv The (p + 1)-dimensional tensor of 7 X ...(p41)times- X 7.

X X wptimes-- X X The p-dimensional tensor of 7 X ... sipes... X 1 obtained by p-times
spatial multiplication of xvy (t).

Ry (1) The positive-definite symmetric matrix function.

Yy, Ly (t) Symmetric positive-definite matrices.

« A positive constant.
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gv (1) Defined with the new saturation function as gy (t) =
aQy () funsat [xy (¢)].

uev (t) The input control.

v A constant.

ki and k; Constants associated with the setup boundary and the order of the
signum function.

o The setup boundary.

r The order of the signum function in the first case.

B The order of the signum function in the second case.

1. INTRODUCTION

Modern devices require modern controllers to obtain good performances. This statement
holds true at any time, especially with the rapid development of new actuators with advanced
technologies. Optimal controllers have been frequently used as a priority choice for many
dynamic control systems because of their simple structure, robustness of the stability, and
easy facilitation in the applications. Hence, many new types of optimal controllers have been
continuously developed based on new theories, models, and applications. An adaptive opti-
mal controller, which combines neural networks and the Bellman equation, was presented in
Modares et al. (2013). The Bellman equation in Modares et al. (2013) was applied as the policy
iteration in the optimization process, which was simplified from the Hamilton-Jacobi-Bellman
function. The tanh function was embedded into the Bellman equation to facilitate the calculation.
It is remarked that the tanh function is applied in Modares et al. (2013) with its role as the
pre-boundary for the Bellman equation. The application of game theory based on the Nash
strategy for adaptive optimal control was proposed in Karg et al. (2023). The Nash strategy in
Karg et al. (2023) helps to improve the efficiency in choosing the optimized parameters. The
policy iteration method in Karg et al. (2023) differs from the iteration in Modares et al. (2013) by
defining a new optimal control law based on the gradient descent method. The gradient descent
method is a classical approach with the advantage of saving computation time. The Nash
model can be seen as the replacement for neural networks as shown in Modares et al. (2013).
The barrier function has been used as a policy iteration scheme in Xiao et al. (2022) under the
supervision of the Lyapunov function. The optimal controller in Kikuuwe et al. (2022) is similar
to the proposed controller in Modares et al. (2013). The same method using neural networks in
the optimal controller developed in Modares et al. (2013) and Song et al. (2016) was presented
in Vamvoudakis et al. (2016) with the modification of the iteration using Kleiman’s algorithm.
The gradient descent method can be replaced by the Polak-Ribiere-Polyak conjugate gradient
method, as shown in P. Liu et al. (2022). The Hermite-Simpson direct collocation method can
be used for designing the iteration method of the optimal control law, as shown in Soler et al.
(2016). The methods proposed in (P. Liu et al., 2022; Soler et al., 2016) are good solutions for
the optimization process, but their disadvantage is the complex calculation, which reduces the
efficiency of the controller. Therefore, the modification based on the conventional model of the
Riccati differential equation was proposed in Deng and Shen (2021). In fact, the model in Deng
and Shen (2021) is a kind of Hurwitz model with a jump function. The jump function in Deng
and Shen (2021) adapts its values according to the system states. As aforementioned, the game
theory with the Nash strategy can improve its performance with the multivariate probabilistic
collocation method, as shown in M. Liu et al. (2020). The complicated calculation of the Nash
strategy can be simplified by using a sliding-mode-like function as in Basin et al. (2012). In
this model, the Hamiltonian function was still the main form in the control design, and the
sliding-like function was added to reduce the complexity, as shown in Basin et al. (2012). The
model developed in Basin et al. (2012) is a good reference, which shows how to incorporate other
control forms into the optimal controllers to increase the flexibility and applicability of the new
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controllers to real systems. Another form of the Riccati-like equation was studied in Zhang et al.
(2018) based on the Hamiltonian function. The adaptive gain function for the optimal control
with the sliding-like model was improved in Phu et al. (2020). The gain in Phu et al. (2020) was
proposed with the state variable in the form, and the exponential order was not larger than
the second order. The gain function in Phu et al. (2020) can also provide a feasible solution for
the gains of both the optimal controller and other controllers. The adaptive optimal controller
using both the fuzzy model and neural networks for the dead-zone band and time delay was
presented in Phu and Mien (2020). Normally, the dead-zone band is defined in a simplified
form, which affects the system errors. The dead-zone model was designed in the nonlinear form
with two branches of forward and feed-forward types. The unified model of hybrid control
combining the dead-zone model and time delay was studied in Phu and Mien (2020). The
combination method consisting of the conventional optimal control, H-infinity technique, the
classical sliding mode control, and prescribed performance has been developed for systems with
severe disturbances in Phu Do et al. (2019). Another choice of neural network and prescribed
sliding surface can be used with the optimal control law as in Phu et al. (2018).

From the above literature analysis, the optimal control method has been proven to be a good
candidate for handling external disturbances and severe uncertainties for many challenging
control systems such as smart material-based vehicle suspension systems. However, there
are still many opportunities for improving its efficiency, especially when it is integrated with
other controllers. In this study, two new optimal controllers are developed based on two newly
suggested saturation functions. Consequently, the main technical contributions of this study can
be highlighted as follows: (1) A new modified saturation function is proposed for the formulation
of a new optimal control system. This model overcomes the disadvantages of the conventional
saturation function, which cannot use the derivative form of the saturation function when
designing the controller. (2) A new adaptive gain equation is proposed for the new modified
saturation function when designing the optimal control scheme. (3) A new switching saturation-
like gain function is proposed in combination with an exponential function and a signum
function. This controller possesses an outstanding property in terms of computational flexibility.
In addition, a new adaptive switching saturation-like gain equation is derived for the optimal
controller. (4) Simulations are carried out to validate the superior control performances of the
proposed optimal schemes over the traditional optimal controller by applying the controllers to
a vehicle seat damper system.

The rest of this paper is organized as follows: Section 2 presents the design of new optimal
control laws, Section 3 shows the simulation results of the proposed controllers compared with
two existing controllers, and Section 4 provides the conclusions with a summary of the main
findings of the proposed control in both development and simulation results.

2. DESIGN OF NEW OPTIMAL CONTROL LAWS

2.1. Proposed model 1: Adaptive gain with new saturation function
The proposed control is designed following a linear-like equation given by
Xy (t) = fv (xv,t) + By () uv (1), 1)

where xy (t) € R" is the state vector, uy (t) € R' is the control input vector, and By (t) is a
time-varying function. The function fy (xy, t) is defined as follows

fv (Xv, t) = dgy (f) + a1y (t) Xy (t) + ary (t) Xy (t) x% +.. o+ apy (t) Xy (t) <o ep times « -+ XV (t) ,
where agy is the vector of dimension 1, a1y is the matrix of size n x n, a,v is the (p +1)-
dimensional tensor of size 7 X ... 1)imes-- X 1, aNd X X ...p pimes-.. X X is the p-dimensional
tensor of size 71 X ..., times-.- X 1 Obtained by p-times spatial multiplication of xy (t). The cost
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function of the first proposed control is applied as follows

Xvi (T

" T
1= Z llw + ;/ (ug (s) Ry (s) uy (s) + x& (s) Ly (s) xv (s)) ds, ()
i=1

to

where Ry (f) is the positive-definite symmetric matrix function; ¢y, Ly (f) are symmetric-
positive-definite matrices; ¢y > 0, Ly () > 0, and « is a positive constant. The optimal control
law is described as follows

uy (H) = —Rg' (1) By' () qv (1), 3)
where gy (t) is the gain function which is defined with the new saturation function as
qv (t) = aQy (t) funsat [xy ()], )
where xy = [x1y,...,X,yv] € R, funsat [xy ()] = [funsat (x1v), ..., funsat (x,y)] € R", and
Qv (t) is the symmetric gain matrix of size n x n. The ‘funsat’ function is proposed as follows
2
funsat [xv (t)] = m — (5)
The properties of the funsat function include d (funsac;t[xv Q) < 1, funsat’ [0] = 1, and
|funsat [xy (t)]] < 1.
From Eq. (4), Eq. (3) is rewritten as follows
wy () = —Rg! (1) By (1) (2Qv (1) funsat [xy (£)]). ®)
Using Eq. (6), the system (1) can be written as follows
iy () = fv (x,t) = By (1) Rg' (1) By (t) («Qy (t) funsat [xy ()]) . )
The value Qv () is obtained based on the result of the first derivative equation as follows
Qv (t) = Lyxy(t)* — axy (1) Qv (t). ®)

The derivation of Qv (t) is shown in Appendix A. By solving Eq. (8), a new optimal value
Qv (t) can be found and then substituted into Eq. (6) as follows

ug (1) = —Rg' () By" (£) Q% (¢). ©)
Hence, Eq. (7) can be rewritten as follows
ty (1) = fv (x,t) = By () RS (1) By' () Qv (+). (10)

Remark 2.1. The newly proposed saturation function (5) can be differentiated with respect to time. This
property does not exist in the conventional saturation form. The adaptive gain function (8) is solved with
respect to the second order of the system state xv (t) to obtain the target optimized gain value for the
control input. The differences between the proposed models (5, 8) and the model in Phu et al. (2020) will
be pointed out and compared in the simulation section.

Remark 2.2. The optimal controls (Basin et al., 2011, 2012) were developed based on the conventional
signum function in the input control function. These models (Basin et al., 2011, 2012) could not be
applied to a system in the presence of severe disturbances. However, the proposed optimal control (6)
with the application of the newly proposed saturation function (5) can overcome the disadvantage of the
conventional signum function. In addition, the control (Basin et al., 2012) had been chosen to compare
with the research in (Phu et al., 2020). Hence, the choice of (Phu et al., 2020) in comparison with the
proposed model expressed in Theorem 1 is a good choice for evaluating the properties instead of using the
method in (Basin et al., 2011, 2012).
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Theorem 2.1. The control system (1) with the cost function (3) is integrated with the control law (9)
and the derivative of the gain matrix function (8). Then, the optimal control state of the linear system (1)
is re-written by the system (10).

Proof. The candidate Hamiltonian function for the optimal control is established as

1 ,
H (Xv,uv, qV,t) = 5 (ung (t) Uy + X%Lv (f) XV> + quV (f) . (11)

oH
The optimal control law uy is then obtained by using the maximum principle o = Oas
\Y%

follows
ug () = —Ry' (1) By (£) 45 (¢). (12)
Now, substituting Eq. (4) into Eq. (12) yields the following main control input
u (1) = Rg' () BY (1) (aQy (¢) funsat [xy (1)]) . (13)
. . . dgv (1) oH . ..
Applying the co-state equation given by TR v the following equation is
v
obtained. .
d t 0 xv,t
90 1o @ () + | LRI g . a9
dt E)xv

From Eq. (5) and the definition of fy (x, t), Eq. (14) can be rewritten as follows

~aQu (1) funsat vy (1] ~ aQ (1) TR ()

(15)
0 1T
— Ly (H)x(t) +a fzjf")} Qv (t) funsat [x ()]
A%
Now, the derivative of fy (x,t) is obtained by
J x,t
fg)gv) =a1v + ZQZV}CV + 3a3vax€ + ..+ PaApV XV - (p—1)times---XV+ (16)
Using Egs. (15) and (16), the following equation is obtained
. d (funsat [xy (¢
— Qv (1) funsat [xy ()]~ aQy (1) LT Oy 0y g 1
T 17)
2 3 v+
4|V TERVIVESBVAVIG F ol ) funsat [xy (£)].
+ PApVXT - (p—1)times-- XV
Using the property of d (funsac;t[xv (t)) <1, Eq. (17) is re-expressed as follows
DCQV (t) funsat [XV (t)] = _LV (t) xXv (t)
ary + 2a0vx + 3azyxyxd + ... ! (18)
Qv () funsat [xy (£)] — aQv (f).

+ PApV XV - (p—1)times--XV

Thus, if xy (t) = 0, then uy () = 0. The value of Qy (t) is not required. If Qy () is the
solution of Eq. (8), then, the result of Eq. (10) is satisfied. On the other hand, Eq. (4) can be
written at time ¢t = T as follows

gv (T) = aQy (T) funsat [xy (T)]. 9] Py

=I5 ) = funsat [xy (T)]. (19)
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Hence, the value Qy (T) is found from the following equation.

Qv (1) =45, (20)
Now, the proof of Theorem 2.1 is completed. The flowchart of the proposed controller stated
in Theorem 2.1 is shown in Fig. 1. O

Remark 2.3. The result (20) shows that the result of the gain function is always positive. This result is
similar to the result in Phu et al. (2020).

_ Observer \
{ %o (1) = fy (By.1)+ By (1)ug () ) J
{ Plant \ Output +

b (1‘)=fv(xv,f)+BV (r)uv (t) / ’\ Error

Tnput Control
| oug (1) ==R5' (1) By" (1) gy (1)

Saturation Function

2 <
-1
xe(?)

Gain Function fumm[xv (l)] _ lie”
Q 9y (r) =aQy, (I)ﬁmsaf[xv (I)] :

|
Adaptive Gain

Fig. 1. The computational flowchart of the first proposed controller scheme

2.2. Proposed model 2: Adaptive switching saturation-like gain function

In this design, the proposed gain function is described as follows

Gov (t) . {“EQeV (k]Sigr (er> +k2(5‘va‘xev) if ‘xevy <9, (21)
e - . .
fereVSlgﬁ (er) if ‘er’ >0,
—1—1Iné 522 . .
where ki1 = ————— and k» are constants associated with the setup boundary and

B—4olnd T B—0oIns
the order of the signum function, 6 € (0, e_1> is the setup boundary, r = 2 — ¢ is the order of

the signum function in the first case, § = 1 — ¢ is the order of the signum function in the second
case.

Remark 2.4. The function sig" (x,v ) is defined as follows (Sai et al., 2022)
sig" (xew) = |xev | sign (xev ), r > 0. (22)
Remark 2.5. The relation between the saturation and signum functions can be expressed as follows

_ Sig” (er) lf |er| > Xmax
sat (xEV) N { XeV lf |er| < Xmax (23)
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Hence, the defined function (22) is a part of the saturation function, as shown in (23). The
input control u,v () is determined as follows

1 T . ’ .
wio () = {_“eRevBeV er (klilgr (xe’v) + k25‘xv‘xev) %f [xev| <6, 24)
R JIBoy ! Qevsigh (x,v) if |xov| > 9,
where, the optimized gain function Q,v is found as follows

QeV — {_D‘ELEVX%V -V (ule - ‘Xeklwégv) QeV lf |er| < 5/ (25)
_‘XeLergv -V (aleV - ‘xeﬁxgv) QeV if ’er| > 5/

where, v is a constant. The proof of Eq. (25) is shown in Appendix B. In this case, the cost

function is defined based on (2) as follows (Phu et al., 2020)

I — ZW” [xev (T = / 1l (5) Rey (5) tew (5) + 05 (5) Lev (5) %ev (5)) ds. (26)

Xe

Remark 2.6. The adaptive gain function (25) is a new contribution to developing the adaptive gain for
the optimal controllers, which preserves the main properties of the system. This modification is the main
difference compared with the gain function (8) and represents the key novelty of this investigation. This
result will help to reduce the control energy when controlling a system.

Theorem 2.2. The control system (1) with the cost function (26) is integrated with the control law (24)
and the adaptive gain matrix function (25). Then, the optimal control state of the linear system (1) is
re-written as

T |er‘ /
Xev (t) = fev (xev,t) — (“eReV (t) BeVT (t) Qoo {(lelg (er> ~+ koo x@v> lf |xev| <6

sigP (xov) if |xev| >0

(27)

Proof. The candidate of Hamiltonian function of optimal control is established by

1 .
H (er/ UeN 1 eV s t) = 5 <ugVReV (t) Uev + xeTVLeV (t) er) + quVer (t) . (28)
The optimal control law u,y is then found by using maximum principle o 0 as follows
eV
uiy () = =Ry () By (1) 4ev (1) (29)
This result is identified as Eq. (24). Applying the co-state equation given by dqut(t) =
— a—H, the following equation is obtained.
aer
dg.v (t fev (xev, 1)]"
S50 1o (1) e (04 [ LD 0, 0)
dt 0Xev

Using Eq. (16), the derivative of f.v (x.v,t) is written according to the state variable
Xev (t) as
af eV (err t)
axev
Case 1. |x,v| < &

T
= 1,V + 20209 X,y + 3037 Xev Xy oo+ PApev ey (p—1)times--Xev-  (31)
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Using Egs. (21), (30), (31), the following equation is obtained

) . d (klsigr (xev) + k2(5|xL’V|xev)
— 0,Qpvy (klslgr (xev) + k25|xN|er> —aQ,vy dr

T
A1V + 20207 Xev + 3037 Xev Xy + ot

= LovXey + @ Qv (k1sigr (xgv) + kz(s‘x"v‘xev) .

(32)

+ Papev XeV ---(p—1)times-+XeV

The result of (32) can be expanded as
— angv (klsigr (xev) + kZ(S'x"V'er) —uQ,v (klr’xevr_l + ko (|er| Ind + 1) 5\xev\)

2 3 o+
ey T ERTLT FIRTETIT T T e (Rasig” (xew) + k2o )
(33)
Thus, if x.v (f) = 0, then u,y (t) = 0. And, the value of Q,v () is not required. If Q,v (t)is
the solution of Eq. (33), then, the result of Eq. (25) is satisfied. On the other hand, Eq. (21) is
written at time ¢t = T as follows

= LevXey + &e

+ Papev XeV ---(p—1)times-++XeV

. My
= r \Xev\ — 72 — l
gev (T) = . Q,v (klslg (xev) + koo er) e (T) sat [xv (T)]. (34)
Hence, the boundary value Q,v (T) is found from the following equation
Qv (1) < ¥¥. (35)

oG
Case 2. |x,y| > 0
Using Egs. (21), (30), (31), the following equation is obtained
) ) d (sief (x
- %QevSZgﬁ (er) - “Qevw
T (36)

016y + 20209 Xy + 30307 Xey Xy + - Quusig? (xuv)
eV eV) -

= LevXey + e

+ PApevXeV .- (p—1)times-+-XeV

The equivalent result (36) can be rewritten by

- D‘eQeVSigﬁ (er) - ‘XﬁQeV|er|ﬁ_l
’ (37)

aev + ZﬂZEVer + 3a3erEVxGTV + ... Q Slgﬁ (x )
eV eV) -

= LevXev + e
+ PApevXeV .- (p—1)times-+-XeV

Thus, if x.v (f) = 0, then u,v (f) = 0. And, the value of Q,v (t) is not required. If Q,v ()
is the solution of Eq. (33), then, the result of Eq. (25) is satisfied. On the other hand, Eq. (21) is
written at time t = T as follows

: )2 Py
= p —_J2  _ TV
dev (T) D‘eQeVSZg (er) 90X, (T) X 518 [er (T)] : (38)
Hence, the boundary value Q,v (T) is found from the following equation.
Qev (T) < l’jff : (39)

Now, the proof of Theorem 2.2 is completed. The computational procedure of Theorem 2.2
is summarized in Fig. 2. O



A new optimal control scheme with adjustable gain featured by saturation function and ... 31

Remark 2.7. The composite controls (Li, Liu, & Tong, 2022; Li, Wang, et al., 2022; Sui et al., 2016;
Tong et al., 2018) are the combinations of the optimal control with the fuzzy logic control (Sui et al., 2016;
Tong et al., 2018) or the neural networks (Li, Liu, & Tong, 2022; Li, Wang, et al., 2022).

Plant

€ )
eC. (z‘):fV (xv,r)+ B, (f)llv(f) J

Input Control

Observer

B | O A
ke, (r) = fo (x\_,r)—ka (r)uv (r) /

Output

e (1) = 7agR;éBgvngt(qufg’ (.\‘gv)+kz5|”"‘xﬂ) if <6
eV -
-a,RB.T0, sig”(x,;) if |t.|>8

IP

Gain Function

Signum Function
.y
sig’ (%)=

x| sign(x:).r>0

(1) a0 (kls".gr (xv5)+k ‘S‘P}rl-"er )7f ‘-‘}v ‘< é
q. = )
L ac c'\“ng’B ('Yc" ) U{‘ ‘x'vl 3 6

Saturation Function
sat(x,;)

i

Adaptive Gain

O

O

—O:PLW.\TW -V
—a L _x' —v

(alev - aeklmjv ]Qev 'Ef |x¢r| 3

{sign(x,v].if [t |2 %o

Xew If |-"¢T‘ < Xpax

(r —@.Bx5 )0 if [s|>8

Fig. 2. The computational flowchart of the second proposed controller scheme

3. SIMULATION EXAMPLE AND DISCUSSIONS

In this section, a simulation study is carried out to demonstrate the properties of the
proposed controllers. In addition, the proposed controllers are compared with two other state-of-
the-art controllers to demonstrate the outstanding performance of the proposed controllers. It is
noteworthy that the proposed control can be applied to any system to evaluate its performance.
Hence, a complex model of a vehicle seat suspension system treated in Phu and Mien (2020) is
used for evaluating the performance of the proposed controllers. The vehicle seat damper is
operated with magnetorheological (MR) fluid instead of conventional viscous oil. This system
belongs to the semi-active category, which can be controlled by applying the controller according
to the variation of the vibration amplitude. The dynamic model of the seat suspension with an
MR damper was adopted from the same model used in Phu and Mien (2020), and the proposed
controller 1 (Theorem 2.1), the proposed controller 2 (Theorem 2.2), the compared controller 1 in
Phu and Mien (2020), and the compared controller 2 in Kikuuwe et al. (2022) are simulated. The
governing equations of the system are derived as follows

msis = —ks (xs — x0) — ¢s (%s — %o) + k1 (x1 — x5) +¢1 (%1 — Xs) + Fmr, (40)

mi¥y = —ky (x1 — x5) +¢1 (%1 — Xs), (41)
The above equations are then rewritten using the state variables as follows.

X11 = Xs = X2, Xo0 = fi1 (X11, X202, X33, Xa4) + 11 (X11, X202, X33, X44) U, @)

X33 = X1 = Xaa, Xaa = foo (%11, X202, X33, Xa4) ,
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where,
ks Cs . kl €1
f11 (%11, X22, X33, X44) = —— (x11 — X0) — — (¥22 — X%0) + — (¥33 — x11) + — (¥aa — x22),
ms S mS ms
1 kl C1
811 (X1, X22, X33, X44) = —,u = Fupr, foo (X11, %22, X33, X44) = —— (X33 — x11) — — (Xa4 — X22) .
M mj n

It is noted that xi1, x27, x33, X44 are variables according to x; and x; of the system. The
calculated result of u = Fyg must be converted into the input signal to generate the required
magnetic field for MR damper. It is noted that the damping force of the MR damper is established
from the piston - rod of the damper when supporting the electric energy into the model. This
work is done by applying the relationship given as follows

Fyvr = (ca+cp®) (x4a — x22) + ko (x33 — x11) + (aq + a3 0) ¢, (43)

where ¢ = —« |x44 — X22| + Ay (%aa — x2) |¢| + @4 (xas — x22). Using Eq. (36), the voltage of ¢
to be applied to MR damper is found as follows
g — EMR = [ca (xaa — x22) + ko (x33 — x11) + aag] (4)
Cp (Xa4 — x22) +
It is noted that the voltage ¢ will be converted into the input current related to the damping
force of the MR damper in real applications. The selected parameters of the suspension system
are listed in Tables 1-3.

Table 1. Parameters of the seat suspension system (Phu et al., 2020)

Parameter Value
Mass of seat m; 27 kg
Mass of driver m; 77 kg
Stiffness coefficient of seat kg 17830 N/m
Stiffness coefficient of torso k; 49340 N/m
Damping coefficient of seat ¢, 1500 Ns/m
Damping coefficient of torso cq 2475 Ns/m

Table 2. Parameters of MR damper (Phu et al., 2020)

Parameter Value
Stiffness of gas chamber k, 94.6166 N/m
Damping coefficient c, 794.4681 Ns/m
Piston area A, 0.00113354 m?
Piston rod area A, 0.0000785 m?
Gap of magnetic pole 0.0Im
Length of magnetic pole L 0.05 m
MR inherent coefficient ay 26.77185

MR inherent coefficient a, 0.60444
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Table 3. Parameters to calculate control current for MR damper (Phu et al., 2020)

Power/frequency (dB/Hz)

-1 F

-1115 F

-112F

-1125 F

-113 F

-1135 F

Parameter Value
Linear spring stiffness ko ON/m
Viscous damping coefficient c, 990 Ns/m
Viscous damping coefficient influenced by v ¢, 3095 Ns/m V
Stiffness of ¢, a, 545 N/m
Stiffness of ¢, influenced by v a, 620 N/mV
Positive parameter of hysteresis loop ¢ 4
Positive parameter of hysteresis loop « 48
Positive parameter of hysteresis loop A 438
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Fig. 4. Large scale of power spectral density (PSD) of four controllers

The simulation results are depicted in Figs. 3-9. Figs. 3 and 4 present a general view of
the four compared controllers, displaying the power spectral density of the displacement. All
four controllers demonstrate efficiency in controlling the severe disturbance, as shown in Fig. 3.
However, the proposed controller 1 (Theorem 2.1) and proposed controller 2 (Theorem 2.2)
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outperform the compared controllers, as shown in Fig. 4(a). Fig. 4(b) provides a clearer view of
the proposed controller 1 and proposed controller 2, demonstrating that proposed controller 2
performs better than the other controllers. The reduction of the vibration amplitude achieved by
proposed controller 2 can be observed in Fig. 5. It is noted that the large reduction in Fig. 5 is only
obtained in simulation because of the properties of software with a fixed model of disturbance
or data. This result may differ when applied in real applications with continuous disturbances
from the unmodeled vibration of the machine. In the following analysis, the gain responses
are reviewed. It is noteworthy that the adaptive gain function model is designed in proposed
controller 1, proposed controller 2, and compared controller 1. The adaptive gain value in
proposed controller 2 is stable and nearly zero, as shown in Fig. 6(b). This result differs from the
adaptive gain of proposed controller 1 in Fig. 6(a) and compared controller 1 in Fig. 7. It is also
important to point out that proposed controller 2 is the outstanding model for compensating
the severe disturbance. After analyzing the gain values, the input control signals representing
the power consumption of the four controllers are shown in Figs. 8 and 9. In these figures, the
input force control of proposed controller 2 is stable and optimized, which is better than the
other controllers. It is worth noting that the fluctuation in the input force control of proposed

4
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Fig. 6. Gain response
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model 1 is also better than compared control 1, as shown in Figs. 8(a) and 9(a). Although the
input force control of compared control 2 is stable, and its energy consumption is less than that
of the other controls, its performance is not as good as shown in Fig. 4. It is clearly seen that the
control forces of the proposed controllers 1 and 2 applied to the suspension system to suppress
unwanted vibration are lower than those of the two compared controllers. This result directly
indicates the lower power consumption to operate the vehicle seat suspension with MR damper.
Generally, the proposed controls and the comparison controls demonstrate good performance
under severe disturbances and uncertainties. The proposed control has significantly improved
the operation through the PSD index by 84.442%, compared with 83.696% for the compared
controls, as shown in Figs. 3 and 4. From the above results through the simulation with severe
disturbance at the input data, the proposed control also shows potential for application in real
systems, especially in devices with high amplitudes of vibration, and uncertainties. In addition,
the proposed control can be applied in the case of cyber-attack phenomena to stabilize the
operation of the system with the flexible mechanism in the state changes.
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4. CONCLUSION

In this study, two new models of the optimal control method based on two newly suggested
adaptive gains are proposed and their performances are presented. The modified saturation
functions are designed and applied to the proposed controllers. These proposed saturation
functions are used to replace the conventional signum function in the control input to improve
the system performance in response to severe disturbance and non-smooth vibration. In the
first model, the saturation function with its differentiable property is described. A suggested
modification in the denominator of the first model allows the saturation function to be differ-
entiable with respect to time, while maintaining the conventional properties. In the second
model, a new saturation-like function using the exponential signum function is applied. This
model is divided into two cases depending on the boundary of the displacement. The applied
cases are considered for controlling the non-smooth vibration or for operation under severe
disturbance. The proposed models overcome the disadvantage of the conventional saturation
function and open new perspectives in the design of adaptive optimal control laws with adaptive
gain functions. After mathematically proving the stability of the system under the proposed
controllers, the simulation of the proposed controllers is carried out. In the simulation, an auto-
mobile suspension with non-smooth vibration is used for evaluating the proposed controllers
(Theorems 2.1 and 2.2). In addition, the simulation results are compared with the two existing
controllers (Kikuuwe et al., 2022; Phu et al., 2020). Both the proposed controllers show their
good performance in the non-smooth environment. It is clearly demonstrated that the second
proposed controller (Theorem 2.2) outperforms the first proposed controller (in non-smooth vi-
bration). These simulation results could serve as a basis for designing better optimal controllers
that can adapt well to the properties and operating environments of the control systems. The
results provide a foundation for application in real systems to overcome the limitations caused
by disturbances, and save energy in control.
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APPENDIX A. DERIVATION OF EQ. (8)

Consider the optimal control problem for the system (1) with respect to the Bolza criterion
without a non-integral term

T
J= ;t/ (ug (s) Ry (s) uy (s) +x& (s) Ly (s) xv (5)) ds. (A1)

In this analysis, Eq. (4) is simplified as qv (f) = Qv (t) xy (¢). The optimal control law is
found as follows

uy (1) = —Rg! () By () (aQv (1) xv(t)) = —aR' (1) By () Qv (D v (t),  (A2)
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where, the gain matrix Qv (¢) is found from dg—tv = —aaH, and the Hamilton function
xXv

1
H (XV, uy,qv., t) = 5 (M%RV (t) uy + x%Lv (t) Xv) + quV ( ) as follows

T
1@ (1)x5 (1) +aQe (135 (1) = ~Ly (025 () — | LZED ) (age (020 ()

== DCQva(t) = —LV (t) Xy (t) — [alv(t) + 2ﬂzv(t)Xv(t) + 3(13v(t)3€v(t)x€(t)
F ot payy (D9 (B eyt times-xv ()] (2Qv (F)xy (1))
— aQv ()[aoy () + a1y () xv (1) + a2y (1) 1y ()xg (£) + o 4+ 4y (D27 (£)eeep1 times - - X9 (1)]
+a?Qu(t)By (t)Ry (1) By (1) Qv (£)xv (t)
& Qv (1) = — Ly (1) = [ () + 2av ()29 (1) + 3asw (Hro (D (1)
F oo payy (D9 (£ eyt timesxv (1)) T Qv (1) — Qv (£)agy (H)xy ~2(t)
= Qu(t)[arv (t) +axv (t)x(t) + a3v(t)xV(t)xv + o apy (D) xv (t). -1 times, - - Xv ()]
+aQv (t)By (t)Ry ' (t)By " (£)Qv (1)

(A.3)
From Eq. (A.2), the new gain matrix aQv (f) xy (t) can be rewritten by Qaa = aQv () |xv (t)].
The derivative of the new modified gain matrix is derived as follows

14 x2
Qua (1) = 2T ) _ Q00 |,y 1 gy 429D

= —Ly(t) [xv (t)] — a([a1v () + 2apv (t)xv (t) + Bagy (t)xy (H)xg + ..
+ payy (£) X9 () ep—1 times, - - - v ()]T Qv (1)) [xv (t)| — aQy (¢ )ﬂov( )
— a(Qu(t)[arv (t) + a2y (H)xv (£) + asy (£ xy (£)xg + -
+ apv ()X (t). . p-1 times, - - - xv (£)] |2 (t)] (A.4)
+a?Qu () By (H)Ry ' (H)By' (HQv (1)) lxy (t)]
+aQy (Hagy (t) + Qv (t)[arv (t) + a2y () xv (t) 4 azy () xy (H)xg + - -+
+ ayv (Dxv (). p1 times, - - - X9 (8)] [xv (£)| — aRG' () By () Qv (¢) |xw ()])
= —Ly(t) |xv (t)| — alary () + 2a2v (£ xv () + 3asy (£ xy ()2 + ...
+ payy (1) Xy (£). - p—1 times, - - - xv ()] T Qu (1)) |xw (£)] -
APPENDIX B. DERIVATION OF EQ. (25)

Consider the optimal control problem for the system (1) with respect to the Bolza criterion
without a non-integral term

o= / ) tev () + xly (5) Lev (5) %o (5)) ds. (B.1)

Using Eq. (21), the optunal control law is found as follows
g () = =Rog () Bev' (1) gev (1)
_ {—aeReleevTQev (kisig” (xey) + kool ) if Jreg] < 6, (B.2)
—znge’leevTQevsigﬁ (xev) if |x.v| > 9,
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d oH
where the gain matrix Q,v (¢) is found from v

dt B axgv

1 :
H (xev, Uev, ev, t) = 5 <u€TVReV (t) ey + xETVLgv (1) er) + quVxev (t) as follows:
Case 1. |x,v| < &
Using Egs. (21), (30), (31), the following equation is obtained

, and the Hamilton function

d (klsz’gr (xew) + k25|x"V|Xev>
dt

— aeQeV <k1sigr (xev> + kzé‘va‘xev) — D‘eQeV
T

K + 20950 X, + 3350 X X s —i—..._ .
= LovXey + e 1ev VIV VTV ey Qev (klszgr (xev) +k2(5|xev|xev>

i + PApevXeV---(p—1)times-+-XeV

& —0,Q,v (klsigr (xev) + kzé"‘fv‘xev) — Qv (klr]xev\rfl + ko (|xev|Ind + 1) 5"‘”')
T

i T |
116V + 20207 Xev + 30307 Xev Xy T+ - Qev (leigy (xev) + k2(5|"N|xev> (B.3)

= LevXey + e

i + PapevXeV---(p—1)times---XeV
1
Ko (klsig’ (xev) + kz(s‘va‘xev)

S Qv = — Levxev

ey + 20207 Xew + 30307 Xev X oy + -t

+ PApevXeV - (p—1)times-+-XeV

(klr’xev‘ril + ko (|xev|Ind + 1) 5|xev|>
(kisig" (xev) + ka0 lx,)

The result (B.3) can be analyzed following inequality method as follows

T
QEV

- QeV

: ~1
< Qv < —teLev |xev| — a10vQev + aeQevkir|xev |
2 2
< —aeLoy Xy — a1y Qev + eV Qevki7X,y .

From Eq. (B.4), the new gain matrix Q,v (¢) can be found following the derivative of the
new modified gain matrix as follows

(B.4)

QeV = _“eLergv -V (aleV + “eklrxgv) Qev. (B~5)
Case 2. |x,y| > &
Using Egs. (21), (30), (31), the following equation is obtained

d (Sigﬁ (XEV))

- ‘XeQeVSigﬁ (xev) — “eQeVT = Levxev
T T
x| MY + 20209 Xev + 330 Xev Xpy T+ - Qeusigh (xev)
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. 1 ’
& Qev = —WLN%V
B a1ev + ZaZvaev + 3a39vxevxgv + ... TQ - 1 ,BQ ’x “3,1
+ Plpev XeV - (p—1)times---XeV v Slg‘B (ng) Wy .
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The result (B.6) can be analyzed following inequality method as follows

. . _1
< _‘erEVSZg/S (er) - ‘xe,BQeV’erVS = LevXey
T
T
A1ev + 20207 Xey + 30307 Xev Xy + oo . B
Ne QeVSlg (er)
+ PapevXeV .- (p—1)times-+-XeV (B7)
. -1
& Qv < —eLey |%ev| — 2107 Qev + 2 Qev Bl xev |P
2 2
< _D‘eLereV — a1,y Qev + aEVQEVﬁer'

From Eq. (B.7), the new gain matrix Q,v (¢) can be found following the derivative of the
new modified gain matrix as follows

QeV = _’XeLergV -V (ﬂ1ev + “e,Bx§v) Qev- (B.8)
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