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Abstract. To improve ride comfort, an oil damper should restrain its damping force
in a high-velocity range. A lot of dampers with such properties were developed. For
example, the one controlling the flux of oil by a leaf valve is widely adapted and
reasonable. However, it is difficult to represent its dynamics with a simple mathe-
matical model, and the cost of a computational fluid dynamics is too expensive. To
overcome the disadvantages, the first author in [15] developed the other mechanical
oil damper with sub-pistons instead of the leaf valve, which enabled us to propose
a simple mathematical model with linear ordinary differential equations, thanks to
the simple mechanism to control the oil flow. In this article, we give a more detailed
mathematical model for the damper taking the dynamic pressure resistance into ac-
count, which is represented by nonlinear ordinary differential equations. In addition,
a numerical scheme for the model is also proposed and its mathematical analysis such
as the validity of the numerical solutions is shown.

Keywords: oil damper, mathematical modelling, nonlinear differential equations, structure-

preserving numerical methods.

AMS Subject Classification: 65L70; 74D99.

1 Introduction

Oil dampers used in automobile suspensions generate damping force by uti-
lizing the resistance passing oil in a cylinder through a narrow channel in the
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piston. Hence, the damping force generated by the damper depends on the
speed of the piston. It is known experimentally that the damping force of a
simple normal damper is proportional to the speed of the piston. Thus, it will
act stiffly especially against unsteady fast inputs if we make the damping force
strong relative to the speed, whereas the convergence of vibration phenomena
will deteriorate if we simply weaken the damping force. In order to satisfy
these conflicting demands, various mechanisms have been developed to adjust
the damping force generated by dampers. An reasonable and widely adopted
mechanism is that has a leaf valve installed at the outlet of the flow path ( [4]).
This is based on the fact that the stroke is relatively fast in situations where
people feel uncomfortable, such as when riding on uneven ground or when going
over steps, and the stroke is slow when the vehicle is moving, such as pitching
or rolling. When the operating speed is high, the fluid displaces the leaf valve
and flows while opening the flow path, making the damping force characteris-
tics nonlinear. There are also dampers that can exert a damping force suitable
for the driving mode by electrically controlling the flow path of the damper,
and dampers that use MR fluid to control the damping force by applying a
magnetic field to the oil ( [3,11]), those using a complex mechanism in the
piston structure to exert damping force according to the input frequency ( [8]),
and even electromagnetic dampers that do not use oil have been developed
( [10]). Dampers in automobiles, like suspension springs, are important ele-
ments that characterize the vehicle’s ride comfort and dynamic characteristics.
Therefore, in vehicle development, it is necessary to fully consider what kind
of damping characteristics should be given to the damper in order to satisfy
the performance of the vehicle. It is also important to be able to reproduce
it. Thus, research has been conducted on methods for analytically determining
the damping coefficient of oil dampers (e.g., [5,12,14]). However, when mod-
eling a damper with a general piston equipped with a leaf valve type damping
force adjustment mechanism, it is difficult to accurately identify the damping
parameters that represent the characteristics of the damper. This is due to the
difficulty of predicting the behavior of the leaf valve during its stroke and the
constantly changing flow path. Herr et al. [9] and Shams et al. [13] attempted to
identify the damping parameters of a damper using computational fluid dynam-
ics (CFD). However, because these CFD methods require expensive calculation
costs, it is not realistic to use them for designing the damping characteristics
of dampers. Therefore, one of the authors proposed a novel damper with a
ring flow path piston mechanism that has a large damping force adjustment
function, and at the same time, proposed a damper that is as simple as possible
so that the damping force of the damper can be calculated sequentially in real
time when applying damper characteristics to a vehicle model. We have been
modeling a damper expressed by an equation( [15]). It was also confirmed that
the proposed damper model was in good agreement with experimental data.
The mechanism of the proposed model is simple, only adding movable sub-
pistons P, and P, attached to the main piston P,, with rods through springs
with spring constants K, and K;, as shown in Figure 1 below. These sub-
pistons play roles in adjusting the flow paths of the main damper in response
to its expansion and contraction. Namely, the tapered parts attached to the
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Figure 1. CAD models of the damper and its simplified image.

sub-pistons adjust the flow paths of the main piston. During compression, the
upper piston enlarges the flow paths to reduce resistance. On the other hand,
during extension, the lower piston enlarges the flow paths to reduce resistance.
The design is such that the resistance force decreases by the opening of the
flow channel by the upper piston during compression and by the opening of the
flow channel by the lower piston during extension.

Since this damper has a simple structure and its variable resistance function
is passive, it does not require electric power or other power and is expected to
improve durability. Furthermore, the damping characteristics can be easily
modeled since it is designed with mathematical modeling in mind.

In this paper, we first construct the mathematical model in Section 2. In the
previous work of the first author [15], a mathematical model for this damper has
already been proposed, but it is a linearized approximate model that does not
take into account the effect of dynamic pressure resistance (also called hydro-
dynamic resistance). The dynamic pressure resistance is a natural resistance
force arising from the hydrodynamic properties of the oil, and should be deter-
mined by the oil flow inside the damper. However, it is theoretically difficult to
obtain the resistance force by the precise analysis for the flow of viscous fluid
against a complex shape of a domain, including the flow path on the piston
inside the damper, and it is also inefficient to consider a numerical simulation
following the fluid dynamics. Therefore, damper models usually adopt many
approximations, and under the assumptions of these approximations, several
constants are derived empirically or experimentally. The flow paths of the sub-
pistons are tube-shaped, and the resistance force to the tube-shaped channel
is well known. On the other hand, the flow paths of the main piston have
tapered-shaped that is adjusted by a tapered (or conical) controller, so it is
necessary to propose some new model appropriate for these tapered-shaped
flow paths. More precisely, we need to determine how the pressure difference
in each channel contributes to the dynamic pressure resistance on the main
piston. As we mention in Section 2, we propose the new model under the
hypothesis that “the proportion of the cross-sectional area contributed by the
pressure difference is equal to the proportion of each flow rate.” The validity
of our model proposed here is guaranteed with high accuracy by comparison
with the experimental data obtained by CFD methods.
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Section 3 is devoted to a mathematical analysis of the numerical solution
of the mathematical model obtained here. The obtained mathematical model
is an ordinary differential equation but nonlinear, by taking the dynamic pres-
sure resistance into account. Since the nonlinear term belongs to C1:!, the
existence and uniqueness of the solution are assured by the classical Cauchy’s
existence theorem (e.g., [1,2], etc.). Here we investigate the behavior of the
solution through numerical simulations. Although highly accurate numerical
methods for ordinary differential equations, such as the Runge-Kutta method,
are well known [7], their accuracy is not assured for nonlinear terms that are
not sufficiently regular such as our model introduced here. Therefore, in this
article, we apply the structure-preserving numerical method. The numerical
methods that inherit a structure for the original differential equation in some
sense are called the structure-preserving numerical methods. The inherited
structures are e.g., symplectic structures (see e.g., [7]), energy structures, the
positivity of solutions, and so on. We here focus on the energy structure as
introduced in [6]. The energy structure, such as the energy conservation law,
is often utilized to show the stability of the numerical solution, and the prop-
erty can also be applied for the error estimate (e.g., [16,17]). We will derive a
structure-preserving numerical method for this mathematical model, introduce
the algorithm to calculate the numerical solution, and show the error estimate
between the numerical solution and the exact solution.

In Section 4, we demonstrate several numerical simulations using this algo-
rithm and explain that the mathematical model satisfies the expected proper-
ties of the damper. In the last section, the results obtained in this paper are
summarized as a conclusion.

2 Mathematical model for the proposed damper

As introduced in the previous section, the damper proposed in this article is a
system in which the flow path of the central piston (main piston) is adjusted
by a sub-piston called a variable flow valve (VFV) controller, as shown in the
figure in the previous section (Figure 1). The main-piston is placed between
two sub-pistons, and is fixed to the rod from the top. The sub-pistons are not
directly fixed to the rod but are connected to it through springs to allow variable
distance from the main-piston. Let us explain each piston in more detail. As
shown in Figure 2, the main piston P, has tapered flow channels, and the sub-
pistons P, and P, have tube-shaped flow channels. The tapered flow channels
in the main piston are adjusted in its flow rate by conical components fixed to
the sub-piston.

When compressing the damper, the flow paths of the main piston, which
are adjusted by the sub-piston on the upper side in relation to the main piston,
are enlarged. On the other hand, when extending the damper, the flow paths
of the main piston, which are adjusted by the sub-piston on the lower side, are
enlarged. Next, we consider a model for the resistance force on each of the
sub-pistons and the main piston.

Math. Model. Anal., 29(4):600-620, 2024.
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(a) main-piston (b) sub-piston

Figure 2. Shape of flow channel.

2.1 Resistance force for sub-piston

In this subsection, we first focus on one sub-piston (VEFV controller) and derive
an expression for the resistance force on it. Let V; be the velocity of the target
sub-piston and A be its cross-sectional area.

It is known that the resistance force of the damper arises from the pressure
difference at the exit and entrance of the piston. The flow path of the sub-piston
has a simple tubular shape as shown on the right in Figure 2, and the viscous
and dynamic pressure resistances in this case are well known, namely, from the
Hagen-Poiseuille equation, the pressure difference dps, at both ends resulting
from the viscous resistance of a single tubular channel of radius s and length
L with viscosity p and flow rate ¢, is given by dpg, = %qs, and the pressure
difference dpsr at both ends resulting from the dynamic i)ressure resistance of
a single tube-type channel is known to be given by dpsx = 5&’,—5113, where p is
the density of oil and v, is the average velocity at the channel exit. Note that
Cy is a constant called the orifice flow coefficient, which is often taken values
between 0.7 and 1. The formula corresponds to the Bernoulli law dp = 2 1)2
adjusted empirically by the flow coefficient Cy to account for the flow reductlon
and friction loss. Although Cjy is originally determined from various conditions
such as fluid equations, domain and channel geometry, it is theoretically and
numerically unrealistic to analyze fluid equations on a complicated geometry
and a moving domain, and the above empirical law has been used for a long
time.

Since the sub-piston consists of more than one of these tube-shaped chan-
nels, the resistance force in that case is obtained as follows. Let ng be the
number of channels in the sub-piston, @, the flow rate of the entire sub-piston,
and Fy, the force due to a viscous resistance on the sub-piston. Then the
relation Q = nq, Fs = As0psy, Qs = AsVs holds. Therefore, we obtain

2
F,, = _SﬂLsfis V.
NgTTs
Similarly, since the cross-sectional area of one channel is 772 and the flow
rate of ng channels is nsﬂrfvs, we see that AV, = nsm'fvs. Let us denote
the force consisting of a dynamic pressure resistance by Fsi. Since the relation
Fs = Asdpsi holds, we have

pA3

For == 202n27r24| IV
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where we take the direction of force into account. Therefore, the total force Fi
on the sub-piston is derived as

Fy= Fuy+ Fup — — _
oo nemrd 7 203n2m2rd

Vsl V. (2.1)

2.2 Resistance force on the main-piston

Next, we shall derive the resistance force on the main-piston. The main-piston
is sandwiched from both sides by the sub-pistons, and its flow rate is adjusted
by the sub-pistons. The conical-shaped components are attached to the sub-
pistons and adjust the sizes of the flow paths of the main-piston. To derive the
force on the main-piston is somewhat complicated due to the tapered shape of
the flow channel. Let V,,, A,,, and L,, denote the speed, cross-sectional area,
and thickness of the main piston, respectively.

Note that the contracting (or extensional, resp.) side flow path is not
completely closed during the extensional (or contracting, resp.) stroke. The
flow paths of the main-piston are variable, and when the main-piston extends
(Vi > 0), oil flows in a negative direction (Figure 3), and when the main-
piston contracts (V,, < 0), oil flows in a positive direction (Figure 4). Thus,
the direction of oil flow in the main-piston depends on the sign of V,,,.

v

Figure 3. The direction of oil flow when the main-piston extends.

R

Figure 4. The direction of oil flow when the main-piston contracts.

First, we focus on the equations for the viscous and dynamic pressure re-
sistances on a single tapered flow channel. Suppose that the sub-piston moves
from its initial position and the channel width is ¢ as shown in Figure 5. Let
be a new coordinate system parallel to x with the bottom of the piston at 0 and
7 be parallel to y with the center of the channel at 0. Let R(Z) denote the dis-
tance from the center of the tapered channel at Z, R(0) = Ry and R(L) = R;.
Note that for given Ry and Ry, R(&) = 17807 + Ry,

Math. Model. Anal., 29(4):600-620, 2024.



606 D. Watanabe and S. Yoshikawa

Figure 5. A taper-shaped fluid path.

It is known that the dynamic pressure resistance is given by the following
formula as well as that of a tubular fluid path, namely, the pressure loss by the
dynamic pressure dpy is given by

P2
Opr = —=5v5,. 2.2
Pk 203 m ( )

On the other hand, viscous resistance is different from the one for the tubu-
lar shaped channel, because it depends on the shape of the channel. The
dynamics for the incompressive fluid is represented by the Navier-Stokes equa-
tion: 9 .

v
—+v-Vo=—-—-Vp+ E Av.
ot p p
Here, the damper is symmetric with respect to the rod of piston, then we assume
that the flow is regarded as two-dimenional one. In the two-dimensional flow

v = (vz,vy), the equation for Z-direction is denoted by

811;2 T < 8’05- 81}@> _ _1@

1
SR ® Av,.
ot " \""az TV i

pOT  p

Here, we assume the flow is layered and steady flow. Even under the steady
flow assumption, the left hand side is not negligible, in general. However, in
our model, we assume the left hand side is neglected, because the difference
between the cross-sectional areas of entry and exit is not so large in addition
to the fact that the viscous force is dominant compared to the inertial force.
We may thus consider the steady state % = pAwvz. Moreover, since the layer
flow assumption implies p(Z,§) = p(Z) and vz(Z,y) = vz(§), we can rewrite
the equation to % = ud;;f. Under the boundary conditions vz(R) = 0 and

vz(R —t) = 0, the above equation is solved explicitly as

_ 1 _ dp

vz:(g) = o {y2 —(2R—-t)j+ R* - tR} s (2.3)
1

The flux ¢ for a tapered fluid path can be obtained by integrating (2.3) over
the cross section as follows:

R

™
q:7r2R—t/ vz(9)dy = ——
( )] vy = 150

dp

2R — 3=,
(2R — 1)t
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Therefore, the pressure difference dp, between both edges due to the viscous
resistance is given by

p(L) 12ug (1
0py = dp = dz. 24
p ‘/P(O) P w3 ‘/0 2R —t v ( )

Substituting R = R(Z) = £17803 4+ Ry into (2.4) yields

6,U,L 2(R1 - Ro)
= P g 2T o) gL
OPe = SRy — Ro) Og{ SR —t T f1

Now, from the geometrical structure of the fluid path (Figure 5), we im-
pose the constraints that min{Rp, R1} > ¢ and min{Ry, R1} > 0, and hence
2min{ Ry, Ry} > t. Therefore, the following relation holds

2(R1 — Ry)

1>0.
2Rg — t +

In the above argument for the viscous resistance on the taper-shaped path,
we have not specifically mentioned the direction of flow. Observe that when
Vin > 0, the oil flows from top to bottom with ¢ < 0 (i.e., 0p, < 0), and when
Vin <0, the oil flows from bottom to top with ¢ > 0 (i.e., dp, > 0).

Next, let us derive a formula for the resistance force on the main piston
consisting of multiple taper-shaped flow paths, from the viscous and dynamic
pressure resistances of one taper-shaped flow path given above. We then de-
rive an expression for the resistance force on the main piston consisting of
multiple channels. As shown in Figure 7 given below, the main piston P, is
distinguished by a subscript m, the upper sub-piston P, by u, and the lower
sub-piston P; by [. The effect of gravity is neglected here. From the geometric
structure of the flow paths, it is obviously seen that Ry, < R, and Ry > Ry;.
Assume that the main piston has n, channels whose flows are controlled by
P, and n; channels whose flows are controlled by P;. Then the flow @Q,, of the
main piston is equal to n,q, + niq;.

Let us first derive the resistance force Fy,,, arising from the viscous resistance
to the main piston. From the resistance force for one taper-shaped fluid path,
flow rates by the viscous resistance are given as q, = ¢,0Dy, @i = ¢10p,, where
we set

Or = 7(Riu — Rou)t;, ) . = (B — ROl)t? ) . (2.5)

We thus obtain the relation between the total flow Q,,, and the pressure differ-
ence as follows:

Qm = (n1f,¢u + nld)l)(;pv

o7 (Riu — Row)ts (Ru — Rt} 5
- 2(R1u—Rou) fh 2(R11—Roi) R
61l | 10g (W + 1) log (W + 1)

Math. Model. Anal., 29(4):600-620, 2024.
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Let us denote the force to main piston by viscous resistance by Fi,,,, respec-
tively. Substituting Q,, = A,,Vy, and F,,, = A, dp, into the above equation
implies

AQ
Fm'U - _7mvm
(nrp + 11607)
6L, A2
= — S m ( ) N Vm.
(R1iu—Rou)t3 R11—Ro1)t;
T (R 10— FRow) Ny + 3Ry~ FRol) n
{log<w+l) s (Seig=t +1)

Let us next derive the resistance force F,,; on the main-piston by the dy-
namic pressure resistance. The pressure difference due to dynamic pressure
resistance is given by (2.2). However, the pressure difference differs because
the flow velocity differs between the flow path controlled by the piston P, and
the one by P,. Here, we propose the simple model:

Ratio of cross sectional area contributed by pressure difference 96
equals ratio of each flow rate. (26)
Namely, the composite resistance force contributed by the pressure difference
from one channel is denoted by
Flp=—2 A% p= L A%
T Tacrt g TR T a0
Remark that to propose (2.6) is one of our purposes of this article. The validity
of this model is ensured in the CFD-tests. In order to confirm the validity of
the proposed model equations for damping force due to viscous and dynamic
pressure resistance, we compare with the data of a numerical fluid dynamics
analysis. The graphs show a comparison of the damping force calculated by
the model equation with a steady-state flow analysis performed with a sub-
piston lift varying from 2[mm)] to 6{mm] and a flow velocity corresponding to
the piston speed in increments of 0.02[m/s]. As shown in the graph (Figure 6),
the CFD results and the damping force calculated by the model equation are
compared with each other. As this graph shows, there is a good correspondence
between the CFD results and the results calculated by the proposed model.
The total flow @Q,,, on the main-piston satisfies Q,, = Ny gy +11q = (Ny Gy +
NP1 )0pm. Then we see that

— (bu ¢l Q
nu¢u + nl¢l nu¢u + nl¢l "

Denote the area of exit of compression and tension by a, and a;, respectively.
Then we have ¢, = a,v, and ¢ = av;. It follows from Q,,, = A,,V;, that

(m A;O’n m 3 ny As’n 1 3
Fry = — pg p) ( (b ) ng F = - pg 5 ( ¢ Vn21
QCdCLu Ny Py + MNPy ZOdal Ny Qu + NPy
Therefore, dynamic pressure is given by
Fok = Fru + Fr

_ e, m<m>3+m<¢z)3 ValV;
202 ) @2 \nudu + aj \ MGy + 119y e

qu Qm> qr =
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Figure 6. Validity through the comparison between (2.6) and CFD.

Here, we have to pay attention to the exit areas a, and a;. Namely, as men-
tioned above, the oil direction is different by the sign of V,,,, which means that
a, and a; take other values by the sign of V,,.

2.3 Input and output of damper

Let u,,, u,, and u; be the displacements of the main piston, the upper sub-
piston, and the lower sub-piston, respectively. We want to find the force (out-
put) Fy of the damper for a given input w,,. We can use d;u,, as the velocity
V,n of the main piston in the previous section, and d;u,, for the upper sub-piston
P, and 0:u; for the lower sub-piston P, to the velocity Vy of the sub-piston.

LuI upper sub-piston (P,) (Ziu)
Ri\ Ry
Ll
L) main-piston (P,), 5
Rou [Rot
<>
LII 2n lower sub-piston (P;)

Figure 7. Simplified image of damper.

As shown in Figure 7, let L,, be the thickness of the main-piston and L.,
and L; be the thicknesses of the sub-pistons. The sub-pistons P, and P, are
spaced a little from the main piston so that ¢, and ¢; > 0, respectively. Fix
P, to the piston rod with a spring of spring constants K, and K; so that
the natural length of P,, is fixed to the piston rod. Then, the forces on the
upper and lower sub-pistons due to the springs are given by — K, (ty — )
and —K;(u; — un, ), respectively. Neglecting the effect of gravity, the forces on
the sub-piston are only the resistance force of the damper given by (2.1) and
the repulsive force of the spring. Therefore, the equations of motion of the

Math. Model. Anal., 29(4):600-620, 2024.
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sub-piston are

M, 0%y + CyOsuy + C~’u|8tuu|8tuu + Ky (ty — ty) =0, (2.7)
Mla?ul + Ci0pu; + él‘atu”atul + K; (ul — um) =0, (2.8)

where M, and M, are the masses of P, and P;, and from (2.1) the damper
resistance constants are given by

_ 8L, A2 o 8L A? ~ pA3 ~ pA?

= 1= 2.2 9. 4°
205nimr;

Ou I l -
1 0 u b} s
O T 2C5n2m2r}

The output force Fy is represented by u, and wu;, that is,

Fy= <Cm8tum + ém\atumwtum) + (cuatuu + C'u|8tuu|8tuu)
) (2.9)
+ (G + oo,

where we remark that C,, and C,,, are not constants but nonlinear coefficients
depending on yy,, u,, and u; such as

A2
o (1t i fm 2.10
(Unpyy Uy, U7) Nudu + NPy ( )
~ AL [ bu ’ mi_ d ’
Om(u"nauuaul) E 203 {ai <nu¢u+nl¢l) + a’l2 nu¢u+nl¢l '
(2.11)

For the readability we recall the definition of ¢; and ¢, given in (2.5) here

7T(R1u — ROu)ti W(Rll — Rol)t?

¢u = ) ¢l T )
64 L, log (% + 1) 6uLy, log (% + 1)

where t,, and t; are given by

Ry — R R, — R
= tig + = (= ), by = g

(U — ). (2.12)
Since a,, and a; are the channel areas at the exit of flow path of the main piston,
we need to separate the cases according to the positivity or negativity of Oyt .
Indeed, recalling Figures 3 and 4, a, and a; are the areas of lower sides when
Oy > 0 and are the areas of upper sides when 0;u,, < 0. Note that the area
of a donut-shaped region with outer diameter R and inner diameter R — ¢ is
given by 7R? — (R —t)? = 7t(2R — t), then we see that

7"'tu(2}%0u - tu)a if Oy, > 0, 7Ttl(2ROI - tl)7 if Oy, > 0,
A, = =
O mtu(2R1w — ), if By, <0, 7t (2Ry — 1), if Qyuy, < 0.

Consequently, we obtain the mathematical model of the damper. Namely,
the output F, is given from the input function w,, by solving the nonlinear
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ordinary differential equations (2.7)—(2.8). Remark that it is not trivial that
the solutions u,, and u; for the Equations (2.7) and (2.8) are obtained explicitly,
because the nonlinear terms are not standard polynomials due to including the
absolute values. Even if we can find the explicit solution formula, the formula
for calculating the value of Fy is complicated, so it is more realistic to calculate
it numerically than theoretically. In what follows, we introduce a scheme for
obtaining numerical solutions of the nonlinear ordinary differential equations
(2.7)—(2.8) and error estimate for the approximate solutions.

3 Numerical methods
Each of the Equations (2.7) and (2.8) is written as
Mﬁfuz + Clatul + @|8tul\8tul + Kiul- = Kium,

for i = u,l. Obviously, the each equation of (2.7) and (2.8) is solved indepen-
dently for given u,,. Then let us consider the equation:

Mo*u+ Cowu + C|dyuldwu + Ku = f, (3.1)

for given function f. Setting v := dyu, the Equation (3.1) can be decomposed
to the system of first order differential equations:

Ou = v, i (3.2)
Mow =—-Cv—Clvjv — Ku+ f. ’

We give the mathematical analysis for the system such as error estimate be-
tween strict solution (u,v)! and an approximate solution by using the structure-
preserving numerical method given below. Regarding the system (3.2) as
Ou = g(u) for u := (u,v)’, g(u) := (v,(—Cv — h(v) — Ku + f)/M)" with
h(v) := C|v|v, such the Runge-Kutta method seems to be more applicable and
efficient. However, we should remark that g is not sufficient smooth. Indeed,
to utilize the error estimate of the order O(At*), it requires C*-regularity for
u. On the other hand, it is easily seen that h # C* but h € C%!. Then the
C*-regularity for the solution is not assured. This is the reason why we shall
use the structure-preserving numerical method. Multiplying v by the second
equation derives the following energy law:

M K -
O (2112 + 2u2) + Cv* 4 C|v|® = vf. (3.3)

Integrating over ¢ € [0, t], we obtain the total energy conservation law:

P+ 50+ [ (0r(6) + CluP(s)) ds

= /0 v(s)f(s)ds + %UQ(O) + §u2(0).

Math. Model. Anal., 29(4):600-620, 2024.
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The Young inequality ab < Ca’®+ \/>b3/ 2 implies the a priori estimate (energy
3C

estimate) for the solutions as follows:

M , K , T
—v(t —u”(t C
max (G0 + 50) +o [
M K , 2 /T
—v7(0) + — + —
2 2 3v/3C Jo
Let (U,,Va)! be the solution for the numerical scheme corresponding to

the solution (u,v)? at t = nAt with the time splitting size At. Our numerical
scheme is as follows:

<

Unt1=-Un _ Va1 +Vn

At 2 ’
MV7L+17VH. _ _CVn+1+Vn _ é Vn+1+Vn
At -

Viag1+Va
= (3.4)

U, +1+U
K n n +fn+ ,

where f, 1= f ((n + %) At). The scheme inherits the above energy conser-

vation law in the following sense. Multiplying M by the second equation

yields
1 ((M , K , M., Ko
i (Gl + |Un+1|)—(2 vl + S

Vi1 + Vo, NV + Vo P Vi + Vi

which corresponds to (3.3). In a similar fashion as above, summing the equa-
tion from n = 0 to n = n — 1, we obtain the discrete version of the energy
conservation law:

3

}At

M K n—1 2 R
A SUALEDY {c (VZH + Vf) +é ’Vf“; Ve
=0

2
n—1 V V M K (35)
_ Vipr + Ve P2 o 2
—; 5 fopsAt+ 5 [Vol® + 5 |Uol*,

and using the Young inequality

M 2 2 ’IL+1+V
(S B ()

3
2

At + *|Vo|2 *|Uo|2-

fn+1

3\/?5Z

In this sense, the finite difference scheme (3.4) is called the structure-preserving
numerical scheme. We remark that the scheme possesses the property of the
symplectic integrator, and is also identified with the so-called mid-point rule.
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3.1 Existence of solution

Let us discuss the existence and uniqueness of solution for (3.4). In general,
it is not trivial that the system of nonlinear equations has a unique solution.
However, in the case of our equation, it is almost trivial because the system
is almost quadratic. Nevertheless, we introduce the existence of a solution
because it will be used as the actual numerical simulations.

Set V := M and U := w Then the system (3.4) is rewritten
as

2
M %V =—CV-C|VIV-KU+f .
At At nty’

Eliminating U from the system, we obtain the equation for V;

~ 2M KAt 2M

Let us furthermore denote (2L + £4t 4 ') /C and (KUn -2y, — f’n,—‘,—%) /C

by « and S, respectively. Thus, the resulting equation is |[V|V 4+ oV + g = 0.
Since

_ V24 aV + 8, V>0,

S -V24+aV 48, V<o,

we thus obtain
@ )2V +a, V>0,
dV | =2V +a, V<O.

Observe that a > (2VMK+C)/C >0 from the arithmetic mean and geometric
mean inequality. Then it holds that 5% > o > 0 for any V' € R. Therefore,
we conclude that the Equation (3.6) has a unique solution V. Namely, for
given (U,,V,)! and f, there exists a unique solution (U, 1,V,i1)! for the
Equations (3.4). The existence of a solution (U, V,,)" for given (Uy, Vp)* follows
from the inductive argument. More concretely, we have the explicit formula:

—a++4/a2—-48
vl 2> B <0,
a—+/a2+4p 8> 0.

2 i

Consequently, in the actual numerical simulation, our scheme is calculated as
follows:

Theorem 1 [Algorithm]. The solution for (3.4) is calculated by the following
scheme. For each n, we first calculate a = (2AA{ + KAt +C) /C and B =
(KUn - %‘/n — fn+%> /C’ Next, we calculate V41 and U,i1 as follows.

(i) In the case B <0,

/o~ 15 Vg1 + Vo
Vn+1 -+ Vn, Un+1 = Un + %At;

Math. Model. Anal., 29(4):600-620, 2024.
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(i) In the case >0,

Vii1 + Ve
Vi =a—aZ 445 Vo, Uppy = Uy + L2004

3.2 Error estimate

We denote the error (U, — u(nAt),V,, — v(nAt)) by (e1n,€2,,). We obtain
the following error estimate which does not require the smallness assumption
for At in spite of the fact that the problem is nonlinear. The error estimate
corresponds to the estimate given in [17] as the unconditional error estimate.

Theorem 2. Let N be arbitrarily fixed and T := NAt. Then for any At > 0,
there exists a constant such that

max (er | +lezal) < VT AL,
n=0,1,...,N

Proof. Subtracting (3.4) from (3.2) at t = (n + 1/2)At, we can derive the
equations for errors:

€ln+l —€ln  €2ntl T €2n
) 3y — ) k) s 3.7
A 5 + (1, (3.7)

€2.n+1 — €2 €2.n+1 1+ €2 €1nt+1 T €1n
M > s — ) ) - K > s
S Rl G e B G

- {h <V”“2+ V") —h (V”“; V")} +Cons (3.8)

where for u, = u(nAt), v, = v(nAt) and

- } _ Un41 — Up Up+1 + Up B
=M { (9 + D) ar) ot L o (e
Con 1= ) | (n 3 yr 5 Ut 1
Un4+1 + Up Up41 1 Un
(MR ) = () < n () |

Since h(v) := Clvjv € C™', the boundedness of d?u, d3u and d?v, dPv are
assured. Indeed, from the energy estimate and the equation the boundedness
of G;u and Oyv is trivial. Furthermore, from the equation, we see that 0?v =
—0v + W' (v)0pw — Gyu — f'. Then the boundedness of 9?v are derived and
the one for d7u is also obvious from the first equation of (3.2). Remark that
B (v) = 2C|v| is the Lipschitz continuous, then there exists some constant L
such that |h/(v1) — R/ (v2)| < L|vy — va| with for any v, and v,. Since

sup |lim h (vt + 7)) (9ev)(t + 7) — I (v(t)) v (t) ’
tefo,1] |70 T
< sup |I(v(t)07v(t)|+ sup Opv(t)- lim h'(v(t + T)T) — W (v(t)

te[0,T) te[0,T]

< sup |W(u(t)]- sup |02o(t)] + L sup |9pu(t)]”,
te[0,T] te[0,T] t€[0,T]
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we obtain the boundedness of 97v and hence also of du. From the Taylor
theorem, there exist constants ¢ such that

Un41 + Un
2

1 Upt1 — Unp
Oru <(n + 2) At) - HT = — At? - dPu(c),

Up+1 + Up Unt+1 + Un
(2225 () ca (2 ),

where the constants ¢ differ each other line by line. Therefore, we obtain

- un-‘r% :At2 : at?u(c)7

Cin = O(A?), (o = O(AP).

Multiplying 2=+1+°2 by (3.8) and using (3.7) yield

1 K M K M
2 { (gt + leamal ) = (Gheunl?+ )

2
+ C 62,n+1 + eZ,n + h Vn+1 + Vn _ h Un+41 + Un . 62,n+1 + eZ,n
2 2 2 2
€lnt+1 Tt e1n €2n+1 T €20

= St Tt

2 : C2,n~

2

Since h’'(u) > 2C|u| > 0, we have from the mean value theorem that

h Vn+1 + Vn o h Un+1 + Un . 62,n+1 + eZ,n
2 2 2

2
€2nt1 T €20
2

> h(c) - > 0.

‘We thus obtain that

1 ((K , M , K., M
i { (FlernnP + Fleanaal) = (Glewnl + Fean

Lot
2

< % NConl + % 1¢1nl

e +e € te
< |2 Gl + | Gl + (Gl [l

2

e +e 1

<o|ntEen L b (16 0P 416l + Gl [Gual,

then

1 K M K M
At {<2|€1,n+1|2 + 2|€2,n+1|2) - (261,n|2 + 2|€2,n|2>} < At
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Summing up these inequality from n =0 to n =n — 1 yields

K M
max <2|el,n|2 + 2|62’n|2) < cT|At|47

n=0,1,...,N

which completes the proof. 0O

4 Numerical simulation

In this section, we confirm the behavior of solution through several numerical
simulations of Fy for given w,,, which is calculated by (2.9), where the functions
u, and u; are calculated by solving (2.7) and (2.8). We give the input function
U, and the initial values of w, = wuyug, Oty = Uy1, U = U and Spu; = ugy.
By the scheme (3.4), namely, by the manner given in Theorem 1, we calculate
(Uu,n, Vi) and (Upp, Vi) which are approximate values of (u,, Opu,,) and
(u, Opuy). From the values V,,,, and V., we calculate Fy, by (2.9)—(2.12)
with (2.5), which corresponds to the value of Fy.

In actual numerical calculations, the constraints ¢, > 0 and ¢; > 0 are
imposed. Moreover, R;; < Rjo and R,; > R,o should be satisfied by the
geometrical structure. Then these conditions are rewritten as

Ltuo w < u Lintio
1 m

_mfuo < Uy — =m0 4.1
- Ry1 — Ryo Ry — Ry (4.1)

To fulfill these conditions, if the numerical solution U, ,41 calculated by the
scheme given in Theorem 1 offends from the condition, namely, indicates Uy, 41

Lot - Lot
< Um,n+1 — ﬁ, we compensate by substituting w, n+1 — ﬁ for
Lmtio

Uy,nt1. Similarly, if Uj 41 satisfies Up 1 > Umopy1 — yoTvey el then we sub-
stitute Up, pt1 — Rﬁitl’%o for Uj p+1. We note that the error estimate for the
approximate solution with this compensation is not given in Section 3. Indeed,
if the constraint is violated in numerical simulations, then the energy structure
is broken. However, it is too complicated to consider the structure-preserving
numerical scheme with the constraint. Then here we restrict ourselves to con-
sidering the error estimate for the numerical solution without the constraints.

The parameters used in the numerical calculations are listed in Table 1.
These are based on the parameters used on the actual damper.

Table 1. Parameters for the numerical simulations.

p = 0.835 [kg/m?) Rj1 = 0.004/2 [m] Cq=0.7,ns=16

u = 0.0266 [Pa - s] Ryo = 0.0031/2 [m] ru = 7 = 0.0002/2 [m]
L =0.01[m] Ry1 = 0.0046/2 [m] L, = L; = 0.001 [m]

A = (0.0465)?7/4[m3] Ry = 0.0055/2 [m] Ky = K; = 25240 [N/m]
Ny =N = 2 tuo = th = 0.00018 [m] Mu = Ml =0.04 [kg]

Let us demonstrate several examples of numerical simulations. Throughout
the calculation, we set the time stepping size At as 0.0001.
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¢ Case 1 (linearly increasing input velocity).
We first study the case that the input is

U (t) = 0.02t%, Dy, (t) = 0.04t,

which means the velocity of the input O;u,, increases linearly. We set
all the initial values of the sub-pistons g, w41, w0, U1 are zeros, and
T = 10.

2500 2500

2000

1500

Fy

1000

500

0 L L L L L L L L
0 005 01 015 02 025 03 035 04

du,,

(a) the relation of t — Fy (b) the relation of duy, — Fy

Figure 8. The solution in Case 1.

The relation between time t and output Fy and the relation between input
Ozuy, and Fy are shown in Figure 8. Although the shape of both graphs
is similar due to the monotonically increasing input, it can be observed
that the output decreases at higher speeds, indicating that the targeted
decrease in damping force at higher speeds is realized. The energy change
of the sub-pistons P, and P, is shown in Figure 11 (a). Because of the
monotonous increase to the upper direction, the upper piston offends the
constraint (4.1) in the middle, and the relation of energy conservation is
broken. On the other hand, the lower piston is not particularly affected
by the condition, so the energy conservation relation (3.5) is satisfied.

e Case 2 (oscillating input velocity).
Next, we examine the following input oscillating at the frequency of f =
0.2,

(1 —cos (27 ft)), Oy, (t) = mfsin (2w ft) .

DN | =

U (t) =

Here, we also calculate it under the assumptions g, %41, U, U1 are
zero, but T' = 6. The behavior of the solution and the energy change are
shown in Figure 9 and Figure 11 (b).

Math. Model. Anal., 29(4):600-620, 2024.
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4000 3000

3000 g 2000 |- 4

2000 1000 | 4

1000 o
[ 0
-1000 1
-1000
-2000 - —H
-2000
-3000 - —H

-3000

-4000 L L L L L 04 02 0 0.2
0 1 2 3 4 5 6
du,, / dt

(a) the relation of ¢t — Fy (b) the relation of dyum — Fy

Figure 9. The solution in Case 2.

When the input oscillates, the brake is applied when the velocity exceeds
a certain speed, but the brake is also applied midway because it turns to
decrease midway due to the effect of dynamic resistance, but the brake
is significantly decreased again due to the effect of dynamic pressure re-
sistance. The relation between the input velocity O;u,, and Fy draws a
hysteresis loop. The energy conservation laws are broken due to offending
the conditions (4.1).

Case 3 (small oscillating input velocity).
As the last example, we consider the case where the input oscillates (f =
0.2) but its amplitude is small such as

U (1) = 1—10 (1 —cos (27 f1)), Oy () = %f sin (27 ft) .
The relation between ¢ and F,; and the relation between 0;u,, and F; are
shown in Figure 10. In this case, the solutions do not offend the constraint
(4.1), then we observe that the energy conservation law (3.5) holds. We
also st T = 6, but for the visibility of energy change, we set the initial
values as follows: wu,q = 0.0001, u,; = 0, u;g = —0.00011 and u;; = 0.
As shown in Figure 11 (c¢), we can confirm that the energy conservation
law (3.5) holds when the amplitude is sufficiently small.

4000

3000 [ B
3000 -
2000 - 4
2000

1000 |- —H
1000

Fy
T
.

S 0
-1000 -1000 - b

-2000
-2000 - —H

-3000

-3000 |- L L L L L |

-4000 L L L L L 0.1 0.0 0 0.05 0.1
0 1 2 3 4 5 6
du,, /dt

(a) the relation of ¢t — Fy (b) the relation of dyum — Fy

Figure 10. The solution in Case 3.
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The following graphs indicate the relation between time and energies for
the sub-pistons.

25000 T T T - 10000 T T T —— 000016

0.00015 |
5000

0.00014 |

Energy
Energy

0.00013

5000 -
0.00012

-10000 L L L L L 0.00011
0 0

Figure 11. The energy of the sub-pistons.

5 Concluding remarks

We study the mechanical passive damper of which resistance force decreases
by the increasing of velocity. In this article, we derive the mathematical model
of the damper taking the dynamic pressure (hydrodynamic) resistance into
account. One of the problems is the complexity of the fluid paths of the main-
piston. To enable us to get a mathematical model, we propose the assumption
given in (2.6). Although this is an empirical rule and not a theoretically de-
rived law, we argued for its validity by comparing it with CFD. By adapting
the hypothesis, the mathematical model is derived. On the other hand, since
the dynamic pressure resistance is generally nonlinear effect, the derived mod-
els are nonlinear ordinary differential equations. It is not trivial to solve the
equations explicitly. We thus give the numerical scheme to solve the nonlinear
ordinary differential equations in Theorem 1, and we also give an error estimate
which assures the validity of the numerical solution. Lastly, we also demon-
strate several numerical simulations and confirm that the solution behaves as
intended. The analysis for the structure-preserving numerical scheme with the
constraint (4.1) still remains open.
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