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Abstract. In order to analyze the effect of the combination of long and short inertia channels and
orifice flow channels on the time domain response of hydraulic mounts. Firstly, six hydraulic
mounts with different combinations of inertia channels and orifice flow channels are proposed.
And then, the transfer functions of dynamic stiffness and upper chamber pressure for six structures
of hydraulic mounts are derived using the lumped parameter method. Next, the time domain
analytic formulas for the transfer force and upper chamber pressure for six structural hydraulic
mounts under steady-state excitation and step excitation are obtained using the convolution
method. Finally, the analytical formula is compared with the hydraulic mount’s model built by
AMEsim; Meanwhile, the effects of inertia terms of inertia channels, damping, and damping of
orifice flow channels on hydraulic mounts transfer forces are analyzed; Analyze the effect of
transfer force variation and excitation amplitude on hydraulic mounts damping for different
configurations of structures. Research shows that inertia channels and orifice flow channels
directly affect the low-frequency dynamic characteristics of hydraulic mounts. At the same time,
the effective damping height of the hydraulic mounts depends on the excitation amplitude.

Keywords: long and short inertia channel; orifice flow channel; hydraulic mount; lumped
parameters; transfer force.

1. Introduction

The mounts are vibration isolation elements connected between the engine and the vehicle
frame, supporting the static engine load-bearing capacity, isolating the engine vibration
transmitted to the vehicle frame, and reducing the impact of road impact on the engine, limiting
the engine movement space. The ideal powertrain components should exhibit large stiffness and
large damping at low frequencies and low stiffness and low damping at high frequencies to achieve
vehicle vibration isolation performance under different operating conditions [1]. Due to the strong
frequency and amplitude dependence of the mounts themselves, passive hydraulic mounts that are
superior to passive rubber mounts are proposed [2]. Meanwhile, semi-active or active mounts have
recently become a major research topic [3-5]. However, passive hydraulic mounts are still widely
used due to their simple design and low cost.

Singh [6] proposed a linear time-invariant model with aggregate mechanics and fluid cells and
validated the model by comparing dynamic stiffness predictions with experimental data for a
frequency range of 1-50 Hz, emphasizing the modeling of free and fixed types of decouplers.
Tiwari [7] conducted an experimental study on the hydraulic mount of an inertial channel and
free-floating decoupler, identifying the inertial channel resistance, the top and bottom chamber
compliance, and the effective piston area of the top chamber, and characterizing it in the frequency
and time domains. Yoon and Singh [8, 9] proposed an indirect method based on the quasi-linear
fluid system formulation to estimate the power transmitted by a fixed or free decoupled hydraulic
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mount on a rigid base to compensate for the inaccuracy of the mechanical system model. Farzad
[10] proposed a variable stiffness decoupler membrane structure to replace the conventional
decoupled membrane channel, and the new decoupled membrane structure can adjust the
membrane stiffness according to the excitation frequency to achieve the optimal vibration
isolation performance of the mounts. Liao [11] used ABAQUS software to build a fluid-structure
coupling model of multi-inertial channel hydraulic mounts and to identify the structural
parameters.

Studies on multi-inertia channel hydraulic mounts or bushings are mainly conducted by Zhang
[12] to study the effects of the number, size, and length of inertia channels on the low-frequency
dynamic performance of hydraulic mounts, revealing that different numbers of inertia channels
can change the relationship between the stiffness and loss angle of hydraulic mounts and the
excitation frequency. Yang [13, 14] established a multi-inertia channel-multi-throttle orifice type
hydraulic bushing set parameter model, and derived formulas for stiffness and loss angle to
analyze the relationship between the dynamic characteristics of multi-channel hydraulic bushings
and the number of channels. It was shown that increasing the number of inertia channels and/or
orifices can significantly improve the dynamic stiffness, the amplitude of loss angle, and the
corresponding frequency of the bushing, thus greatly improving the performance of the bushing.
Tan Chai [15-17] developed a controllable conceptual hydraulic bushing model with two parallel
unequal inertia channels and a flow control unit to analyze the dynamic and time-domain
characteristics of a multi-flow channel bushing numerically and experimentally. Lu [18] studied
the n = 2 inertial channels mainly to derive a linear set of total parameters model for the hydraulic
mount with n = 2 and analyzed its dynamic characteristics. Li [19] proposed an inertial channel
optimization method based on a linearized low-frequency model excluding the effect of
decoupling membranes, considering multiple arrangements of inertial channel and orifice
combinations. Also, the predictions of the hydraulic mounts model were referred to the relevant
references by Shishegaran [20-30]. It is shown that the use of two configurations can reduce the
relative engine and body displacement transmissibility. Although studies on the time and
frequency domain characteristics of multi-inertia channel hydraulic bushings have been reported,
there are still some differences between the hydraulic bushing and hydraulic mount characteristics
[31], and the time-domain characteristics of multi-flow channel hydraulic mounts cannot be well
understood by hydraulic bushing time-domain analysis. Meanwhile, although the analysis of
dynamic characteristics of multi-flow channel hydraulic mounts has been studied, the frequency
domain characteristics and transient characteristics of multi-flow channel hydraulic mounts
considering various combinations simultaneously have not been reported yet.

Based on the above review, the specific research objectives of this paper are as follows: To
propose a lumped parameter model of the hydraulic mounts for 6 configurations of long and short
inertia channels combined with orifice flow channels, and to solve the corresponding dynamic
stiffness and upper chamber pressure transfer functions. Solve the time domain expressions for
the steady-state response and ideal step response of the transfer force and upper chamber pressure
based on the derived dynamic stiffness and upper chamber pressure transfer functions. The effects
of upper chamber compliance, fluid viscosity, inertia, and damping of long and short inertia
channels and orifice flow channel damping on hydraulic mount transfer force are analyzed based
on time-domain expressions, and the effect of excitation amplitude on damping is also analyzed.

2. Hydraulic mount prototype study
2.1. Hydraulic mount structure

Fig. 1 shows a schematic diagram of the hydraulic mount, where Fig. 1(a) shows the structure
of the passive hydraulic mount, and Fig. 1(b) shows the lumped parameter model of the passive

hydraulic mount. In this case, the hydraulic mount structure includes an inertial channel and an
orifice flow channel. The flow rates in the inertial and orifice flow channels are denoted by g; and
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q,, respectively. The rubber unit is modeled using the rubber stiffness K, and the viscous damping
coefficient B,.. The compliances of the upper and lower chambers of the hydraulic mount are C;
and C, respectively, and the pressure of the upper chamber #1 is P;, and the pressure of the lower
chamber #2 is P,. where the inertial channel and the orifice flow channel are represented by the
fluid inertia [; and I, and the fluid resistance R; and R,,, respectively.

Upper
Chamber

Inertia
Track

Lower
Chamber

Flexible Rubber Diaphragm 4
a) b)
Fig. 1. Hydraulic mount: a) structure diagram, b) lumped parameter model

2.2. Hydraulic mount flow channel design with multiple configurations

From the literature [12, 32], it is known that increasing the number of hydraulic mount inertia
channels can improve the peak frequency of the dynamic stiffness and loss angle of the mount,
and the combination of different flow channels can broaden the range of hydraulic mount vibration
isolation frequency. However, these literature studies are all from the mount frequency
characteristics and rarely involve the analysis of multi-flow channel hydraulic mount time domain
characteristics. To investigate common multi-flow hydraulic mounts, six prototype configurations
as shown in Table 1 and Fig. 2 were analyzed.

Long Long

inertial inertial

channel channel
a) b) c)

Fig. 2. Multiple configurations of the hydraulic mount prototype a) single long inertia channel,
configuration Z;, (L; = 212 mm, D; = 8.53 mm), configuration Z, (L, = 4L,, D, = D,); b) parallel
combination of long inertia channel and orifice flow channel, configuration Z5 (L3 = 4L, D3 = D,

Lo, =2 mm, Dy; = 0.2 mm); configuration Z, (Ly = 4L1, Dy = Dy, Loy = Ly1, Doy = 5Dy1);
¢) parallel combination of three long inertia channels, configuration Zs (L5, = Ls, = L4, Lg3 = 4L,

D5y = Ds; = Ds3 = D), configuration Zg (Ls; = Ls; = Lsz = Ly, D5y = D5 = Ds3 = D)

The first configuration (named Z;, Z,) hydraulic mount upper and lower chambers are
connected only by long inertia channels, this structure is the most common at present. Where, the
length of Z; inertia channel L; = 212 mm, the length of Z, inertia channel L, = 4L, the diameter
of Z; and Z, inertia channels are equal D; = D, = 8.53 mm. In the second configuration (named
Z5 and Z,), the upper and lower chambers of the hydraulic mount are connected in parallel by
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long inertia channels and orifice flow channel. Where Z; and Z, inertia channels have equal
lengths and diameters, L; = L, = 4L, D; = D, = 8.53 mm, respectively; The length of the Z;
configuration orifice flow channel and Z, are equal to L,; = L,, = 2 mm, the diameter of the Z3
orifice flow channel is D,; = 0.2 mm, and the diameter of the Z, orifice flow channel is
D,, = 1 mm. The third configuration (named Zs, Z,) is a parallel combination of the number of
long inertia channels n = 3. Where the diameters of the Zg and Z, inertial channels are equal
Ds = Dg =8.53 mm, Ls; = Ls, = Ly, Ls3 = 4L, in the Z5 configuration; the lengths of the three
inertial channels in the Zg configuration are equal Lgy = Lg; = Lg3 = L4.

Fig. 3 shows the effect of variation in inertial channel length and cross-sectional area on the
flow rate of the decoupler membrane channel. The decoupler membrane channel flow increases
slightly with increasing inertial channel length. The flow rate of the decoupler membrane channel
decreases slightly as the cross-sectional area of the inertial channel increases.

Table 1. Study configuration: prototype hydraulic engine mounts
with inertia channel and orifice flow channel

Design | n Description (also see Fig. 2)
Zy 1 | Baseline configuration (A long inertia channel, L, D;)
Zy 1 | A long inertia channel (L, = 4L,, D, = D,)
Parallel combination of long inertia channel and orifice flow channel (L3 = 4L,
Zz |2 -
D3 - Dl: Lol: Dol)

7 5 Parallel combination of long inertia channel and orifice flow channel (L3 = 4L,

* D3 = Dy, Loy = Lo1, Doz = 5Dy1)
7 3 Long inertia channel parallel combination (Ls; = Ls, = Ly, Lgz = 4L,

° D5y = D5, = D53 = Dy)
7 3 Long inertia channel parallel combination (Lg; = Lgy = Lgz = L4,

° D5y = D5, = D53 = Dy)

25107 25 210°
2
_Qd Gl 5 _Q(I
...... e eeeen Q.
Q 5 )
o1
0.5
00 0 5 "."';‘““"""""'"i“‘;"""""""";
15 2 4
b)

Fig. 3. Effect of hydraulic mount inertia channel length and cross-sectional area variation on decoupling
membrane channel flow: a) length variation; b) cross-sectional area variation

2.3. AMEsim-based hydraulic mount study

Fig. 4 shows the hydraulic mounts models of six configurations built using AMEsim software.

Fig. 4(a) shows the hydraulic mounts of Z; and Z, configurations, Fig. 4(b) shows the
hydraulic mounts of Z; and Z, configurations, and Fig. 4(c) shows the hydraulic mounts of Zg
and Z, configurations.

Build 6 hydraulic mounts configurations using AMEsim, and the dynamic characteristics of
the combined inertial channel and orifice flow channel hydraulic mounts were simulated for the
above six configurations. The test uses a sinusoidal displacement excitation x,(t) = Asinwt,
where A is the amplitude of the harmonic input and f = w/2m is the frequency of the excitation,
where the unit is Hz. The transfer forces of the hydraulic mounts and the dynamic pressures P; (t)
and P, (t) within the upper and lower chambers are calculated in 1 Hz increases between 1 and
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30 Hz in X, = 0.3 mm, X, = 0.9 mm and, where X, = 24 is the peak-to-peak (P-P) value. The
calculated dynamic stiffness and loss angle for a given excitation amplitude X, = 0.3 mm and
X, = 0.9 mm hydraulic mounts can be obtained as shown in Fig. 4. It is worth noting that
configurations Z5 and Zg exhibit greater dynamic stiffness and loss angle peak frequency. While
configurations Z3 and Z, show the smallest peak frequencies for dynamic stiffness and hysteresis
angle, this is due to the inclusion of orifice flow channels in both configurations. Finally, the
dynamic stiffness and loss angle of Z; and Z, are relatively small relative to the peak, due to the
number of flow channels of one in the configuration. When the excitation amplitude X, is
increased from 0.3 mm to 0.9 mm, the dynamic stiffness and hysteresis angle of the hydraulic
mounts decrease, which is more obvious for Z,, Z,, Z5 and Z.

® Of s ®

a ]
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.
: S flr . el g 15 Dngzlj%]:
? KA H 5o e 7 & fEH i
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a) b) <)
Fig. 4. AMEsim hydraulic mount model: a) single inertia channel; b) combination of inertia channel and
orifice flow channel; ¢) combination of 3 inertia channels
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Fig. 5. Dynamic stiffness and loss angle of six configurations of hydraulic mount:
a) X, =0.3 mm; b) X, = 0.9 mm
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3. Multi-flow channel hydraulic mount analysis model
3.1. Model I single inertia channel hydraulic mount

When the hydraulic mount is excited by x,(t), applying the continuity equation to the fluid
control hydraulic unit in combination with Fig. 1 and Fig. 1(a), the following Eq. (1)-(5) are
obtained. Where the fluid inertia I; and the fluid resistance R; are expressed:

Py (6) = P(t) = 1;q;(8) + R;q; (0), (D
le.)l @®) = Apxe(t) - qi(t)’ (2)
CoP,(t) = q; (), 3)
=Pt 4
i — Ai’ ( )
_ 128visL
i an U (5)

where p is the density of the fluid, L is the length of the flow channel, A; is the cross-sectional
area of the flow channel, and v is the viscosity of the fluid, D, is the equivalent “hydraulic
diameter” of the flow channel. The first term on the right side of Eq. (1) is the pressure drop due
to the fluid in the inertial channel due to inertia; the second term on the right side is the pressure
drop due to the viscous damping of the fluid in the inertial channel.

Therefore, the hydraulic mount transfer force F; under external excitation X, is defined as
follows:

FT = Brxe (t) + ere (t) + Appl(t)- (6)

Then, by Laplace transformation of Eq. (6), the expressions for the variation of the transfer
complex stiffness and the upper chamber pressure with the excitation amplitude for a single-flow
channel hydraulic mount are obtained as follows:

IL'SZ + RiS + KZ

PT
K =— =K, + B,s + A’K ,
dyn(s) (5) r rS p1 Iis?+Ris+ K, + K,

(7
I;s’+ Ris + K,

8
P1152+R5+K2+K1 ®

= (S)

Since 1/C; = Ky, 1/C, = K,, and K; > K,. So, Egs. (7) and (8) can be further simplified as
follows:

FT IL'SZ + RiS
Kdyn(S) = —(5) =K, + B;s + ApK, 52+ Rs + K, )
I;s? +R;s
— —_— 10
(S) S TR T Ry (10)
Eq. (9) and Eq. (10) can be simplified to a standard second-order system:
FT $2 + 2¢,wp28
K, =—(6)=K.+Bs+1 , 11
dl(s) (S) r TS 52 + 2€zwn23 + w1212 ( )
I;s> + R;s 52 4+ 26,8

Ap 1152+R5+K1 PPLS2 4 20,005 + w2,

Thus, Eq. (11) can be transformed into the following standard form, where A = A%,Kl,
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T= Ri/ll’:
(s+1)s
K =K,.+B.s+ A1 , 13
dl(s) r rS 2 + 2Czwn25 + wrzlz ( )
P, (s+1)s
G(s) = —(s) = A,K : 14
) Xe (s) PPLS2 4 20,005 + w2, (14)

where ¢, = \/R? /4K, 1;, wny = Ky /1.
3.2. Model II combined inertial channel and orifice flow channel hydraulic mount

According to Fig. 1 and Fig. 2(b), the fluid equation of the hydraulic mount subjected to
displacement excitation x,(t) for the parallel combination of inertial channel and orifice flow
channel can be obtained as shown below:

P, — P, =1;q; + Riq;, (15)
Pl._PZ = Roqo, (16)
C11')1 = Apxe —4qi — 4o, (17)
C2P; = qi + qo. (18)

In the equation, R, is the fluid resistance of the orifice flow channel. Since the inertia in the
orifice flow channel is negligible, Eq. (16) only considers the viscous damping term resulting in
the hydraulic mounts differential pressure change. Reference [33] shows that when the fluid is
assumed to be in the form of laminar flow in the orifice flow channel, the fluid resistance of the
orifice flow channel is solved for by the following expression:

_ 50.4vis (19)
°7 mp3 "’
where, D, is the diameter of the orifice flow channel.
Thus, the hydraulic mounts parallel to the inertial channel and the orifice flow channel transfer
the complex stiffness K;,(s) and the variation of the upper chamber pressure with the excitation
amplitude G (s) defined as follows:

F.
Kaz(s) = (s)

, I,Rys? + (K, + R;Ry)s + K, (R; — Ry) (20)
= K, + Bys + AZK; —— ,
I.Rys? + (K,1; + RiRo + Kil)s + (K, + K1) (R; + Ry)
P LRos? + (K,I: + R.Ry)s + K, (R; — R
G(S)=_1(5)=ApK1IR ~ if'o ( 240 i 0) 2( i 0) ] (21)
X, Ros? + (K1, + RiRy + KiI)s + (K, + K)(R; + Rg)

Since 1/C; = K;, 1/C, = K,, and K; » K, can be simplified by Egs. (20) and (21) as
follows:

FT Il'ROSZ + Rl'Ros
K =—(s) =K, + B,s + A2K , 22
ayn(s) X, () = K + Bys + ApK, 1Ros? + RiRo + Ki1)s + Ky (R + Ro) 22)
Pl IL'ROS + Rl'Ros
G(s) = —(s) = A K . 23
(s) X, () = 4Ky I.Rys% + (R;Ry + K11,)s + K, (R; + Ry) 23)

So, reduced to the standard second-order system form shown:
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Fr s(s+ k)
Kyym =—()=K,+B,s+21 , 24
dyn 2(5) X, (S) r rS 52 +2§‘2(L)n25+(1),212 ( )
P. s(s + k)
G(s) = —(s) = ApKy =) (25)
X % + 26,wn S + Wiy

where the expressions for w,,,, ¢,, k and F are shown:

1
KiI;Ry(R; + Ry)’ L

(R; + Ry)K, _ (RiRo + K1)
LR, 2 2

Wnpo =

3.3. Model III parallel combination of 3 flow channel hydraulic mount

To easily solve for the multi-inertia channel hydraulic mount transfer complex stiffness K3 (s)
and the upper chamber pressure variation G(s) with excitation amplitude for the Zg and Zg
configurations. The lumped parameter model of the multi-inertia channel hydraulic mounts with
Zs and Zg configurations of Fig. 6(a) is equated to the equivalent mechanical model of Fig. 6(b).
Because the cross-sectional area of the hydraulic mount inertia channel is much smaller than the
equivalent cross-sectional area of the rubber main spring, when the fluid flows through the inertia
channel, the fluid velocity is amplified to play the role of vibration attenuation, the literature [6]
referred to it as a velocity amplification of large absorbing array.

Fy(t)

b)
Fig. 6. Multi-inertia channel hydraulic mount: a) lumped parameter model, b) equivalent mechanical model

According to Fig. 6(a), the mathematical model equation of the lumped parameters of the
multi-inertia channel hydraulic mounts can be obtained as follows:

le.)l = Apxe —qi1 — qi2 — 4qi3, (26)
CP =qin +qi2 + qis, (27)
Py — P, = I1Gin + RinGis, (28)
Py — Py = li3Gi; + RipGia, (29)
Py — P, = li3G;3 + Rizqis, (30)
Fr = K.x, + Bex, + APy, (31
Fr = Kyx, + Box, + ApPy, (32)

where, q;1, qi2, Qi3 are the flow rate through the three inertia channels of configuration Zs and Zg
respectively, I;4, I;,, I;3 are the inertia flow through the three inertia channels respectively, R;q,
Ri», R;3 are the liquid resistance flow through the three inertia channels respectively.

In Fig. 6(b), k; = A3/C; is the equivalent linear stiffness of the upper chamber of the
hydraulic mount, k, = AIZ, /C, is the equivalent linear stiffness of the lower chamber of the
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hydraulic mount, b;,, (n =1, 2, 3) is the equivalent damping of the fluid in the inertia channel of
the hydraulic mount, and m;,, (n = 1, 2, 3) is the equivalent mass of the fluid in the inertia channel
of the hydraulic mount [34]. It is known that the flow rate ¢ = A;x;, where A; is the cross-
sectional area of the inertial channel and X; is the average flow velocity of the fluid in the inertial
channel. Therefore, Egs. (32-35) can be written as shown in the following equation:

1 1
. (Apxe —Apxiy — ApXip — Ai3xi3) - (Ajrxin + Appxip + Aizxi3)
1 2

(33)
= i1 Ap % + RipAuXi, .

G (Apxe — Ainxiy — AiXiy — AizXiz) — G (Ajxis + Appxip + Aizxis) (34)
= lipApp%ip + RipAinXin, .

G (Apxe — Ainxiy — AiXiy — AizXiz) — G (Ajxis + Apxip + Aizxis) (35)

= IzAzXiz + RizAiz;s,

1
Fr = Kyxe + BeXe + ApPy = KyXe + Bexe + = Ap(ApXe — Aunxin — ApXip = ApXis),  (36)
1

where, A;1, Ay, A;3 are the cross-sectional areas of the three inertial channels in configurations
Zs and Zg, and x;q, Xi,, X;3 are the displacements of the fluid flowing through the three inertial
channels in configurations Zs and Zg, respectively.

Combining the equivalent mechanical model of the multi-inertia channel hydraulic mount in
Fig. 6(b) and the literature [2] the Eqgs. (33-36) can be written as follows:

ky(xe — %1 — Xip — Xxi3) — Ko (g + X2 + x3) = 1i1A;2755i1 + Ri1A;2;5Ci1' (37
ky(xe — %1 — Xip — Xxi3) — Ka(xiq + X2 + x3) = 1i2A12755i2 + RizA;Z;fCiz’ (38)
ki(xe = xi1 — xip — Xi3) — ko (Xi1 + X2 + x33) = Ii3A72755i3 + Ri3A12>55i3’ (39)
Fr = Kyxp + Bex, + kl(xe — X1 — Xj2 — xi3)- (40)

Because C; < C,, The equivalent masses of the three inertia channels of the hydraulic mounts
of the Zs and Z4 structures are my = I;3 A5, my, = I;,A5, m;z = I;3A%, and the equivalent
damping of the three inertial channels of the hydraulic mounts of the Zs and Z, are b;; = R;; A2,
b;, = RizAfg, bz = Rl-g,flzfJ respectively. Therefore, Egs. (37)-(39) can be further simplified as
shown below:

Ki(xe — Xi1 — Xip — Xj3) = mil’ftl + bil’:cilﬂ 41)
Ki(xe — Xi1 — Xip — Xj3) = miz’fiz + biz’fiz’ (42)
Ki(xe — X1 — X3 — Xi3) = Mz¥y3 + bizXi3. (43)

Referring to the literature [32], the equivalent mass and equivalent damping of the inertial
channel can be expressed as follows:

M3, R; Ri1R;»R;
R. = i=1"'il — 11842743 s b =A2R ) 44
o i-1(Ri) Rii+Riz +Ri3 T N
M3, R;; Ri1R;2R;
I = =1l — 114243 om =A21 . (45)
“ 71(Ri) Ru+Ri+Rs e
Therefore, the Egs. (40-43) can be reduced to the following expression:
Ky (xe = Xeq) = MegXeq + begeq (46)
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Fr = K;Xo + BoXe + ApPy = KXo + BoXe + ky(xe — Xoq)- 47)

As a result, the transfer function expressions for the transfer complex stiffness and the upper
chamber pressure variation with excitation for the multi-inertia channel hydraulic mounts of Zg
and Zg structures are as follows:

F. kim,,s% + kb,
—(s) = K, + Bps + ——2 !

) 48
Xe MegS? + begs + ky (48)
P, ky  Megs? + begs
G(s) =—(s) =+ : 49
() X, (s) ApMeqS? + begs + kq (“49)

Therefore, the expressions for Egs. (48) and (49) reduced to a standard second-order system
are shown below:

Fr s(s+ k)
K =—()=K,+Bs+21 , 50
as(5) Xe ©) rreS T iey 26 Wn2S + Wpy 0
P, ky s(s + k)
G(s)=—(s) =— , 51
) X, () Ay S? 4 26,0055 + w3, D

where the expressions for k, w,, and ¢, are as follows:

beq K beq 1
K= , w = _ = — ) A = k .
Meq n2 Meq 1Y) 2 [Kime, 1

The key parameters of the hydraulic mount can be obtained by combining model I, model II
and mode III as shown in Table 2.

Table 2. Key parameters of the system for the analytical model.
System parameters | Model [ Model 11 Mode 111

2
AZK.

AZK,

R

R;

IL Ii meq

1
i
K (R; + Ro)K; Ky
Wn2 - MU T 0/
I LI;R, Meq
. R? | (RiRo + KyI;) 1 beg | 1
2 4K, 1, 2 K:Ry(R; + Ro) | 2 |Kimeg

4. Multi-fluid hydraulic mount time domain analytical formula

4.1. Time domain steady-state harmonic response

To analyze the hydraulic mounts in Models I, II, and III configurations for steady-state
harmonic response, the hydraulic mounts transfer the force Fr(t) and the pressure P;(t) in the
upper chamber, the specific derivation process was referred to the reference [15, 16]. According
to the convolution of the bishop function:

Llx(®) * y(®)] = X(s)Y (s), (52)
where x(t) * y(t) is the mathematical expression of the convolution.
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Therefore, the analytical equations of the transfer force F(t) and the pressure P, (t) in the
upper chamber under the steady-state harmonic response in the time domain for models I, IT and
III of the hydraulic mount configurations can be solved according to Eq. (52), which is expressed
as the following equation:

Fr(®) = Ka() * xo(8) = j Ko(0) xo (¢ — 1), (53)
0

Pi(t) = G(t) *x,(t) = j G (1) x,(t — T)dr. (54)
0

4.1.1. Model I hydraulic mount

For the single inertial channel of model I, the third e hydraulic path of the right-hand side of
Eq. (13) and Eq. (14) can be written as the following expressions:

(s+1)s w2,
Kgq— =1 =A|1- ) 55
a1-n(s) S2 + 2¢,wp,S + w3, $2 + 26,5, + w2, (53)
2
Wy
G(s) =A,K [1— . 56
) P [ 52+ 26w, + wrzzz] 0
The inverse Laplace transform of Egs. (55-56) is shown:
Kyn(t) = L7121 - ©nz = 2|6(t) — =212 =S 0matgin(o,t) (57)
. 5% + 26,0, + WF, J1—g¢2 I
2
)
P(t)=L‘1{A K [1— L ]}
! P §2 + 26,0y, + W7, (58)

2

1)
= ApK; [S(t) — —nze‘cz“’"ztsin(wdt) ,

1-¢;

where wy = wpzy/1 — ¢Z is the damped self-oscillation angular frequency of the system.

Therefore, combining Eq (53) and (54) give the following expression for the sine excitation
x.(t) = Asinwt, the analytic expression for the model I hydraulic mounts transfer force Fr(t)
and the pressure P; (t) in the upper chamber:

Fr(t) = K, Asinwt + B.Awcoswt + Alsinwt

W2 (e““bsinwdt — e *acoswgyt + bsinwt + acoswt
21— ¢Z w? + 0k, + 2waw (59)
e~ *csinwgt + e"*acoswyt — csinwt — acoswt

—AZ

’

2 2 _
W+ wy, — 2040
—atb : _ p—at b :
Wna (e sinwgt — e *acoswyt + bsinwt + acoswt
2y1—¢3
—e % csinwgt — e *acoswyt + csinwt + acoswt)

P, (t) = AA,K;sinwt —
1(©) pHaSIne® w? + 0k, + 2waw
(60)

w? + 0k, = 2waw

The expressions of a, b and c, in the form are as follows: a = w;3¢,, b = W + wy,
C=w—w,.
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4.1.2. Model II hydraulic mount

Re-express the third term on the right-hand side of Egs. (24) and (25) as Egs. (61) and (61):

2
w2, 5 (2¢,0p — k)
‘. e 2 _ ) 61
a2-r(S) [ S2 4 26,0058 + W7, S+ 26,00, + wF, o
p w2 S(2¢pwpp — K
G(s) = —(s) = Apky (1 - - 2 s2 e )2 . .
X, 2+ 26,028 + Wy %+ 26,008 + W

The following expression for the inverse Laplace transforms of Egs. (61-62):

26,Wny —

w K
n2 : e~S2@n2t sin(w,t) + e S2@n2t sin(wgyt — 9)], (63)

v1—¢; 1_§%

w 2 w — Kk
Pl(t) = ApKl |:6(t) —_ —nze_CZ(lant Sln(wdt) + Cz#

VAR 1-¢3
where § = tan™! (w/ 1-— g%/gz).

Combining Egs. (53) and (54), the hydraulic mount with parallel combination of inertia
channel and orifice flow channel in model II configuration can be obtained for the transfer force
Fr(t) and the pressure P; (t) in the upper chamber at a sinusoidal excitation x,(t) = Asinwt:

Kap—n(t) = 4 [5(t) -

e S2¥n2t sin(w,t — 9)], (64)

Fr(t) = K, Asinwt + B.Awcoswt + Alsinwt
Wna (e“”bsinwdt — e *acoswyt + bsinwt + acoswt
2Jy1-¢k,
e~ “csinwgt + e~ *acosw,t — csinwt — acoswt) (26p2Wnz — K)
+Ap-mztnz =5
2J1-¢Z, (65)
e~ *bsin(wyt — ) — e~ *acos(wyt — 0) + bsin(wt — 0) + acos(wt — )
- ( w? + w2, + 2040
e % csin(wgt — 0) + e *acos(wyt — 0) — csin(wt — ) — acos(wt — 6)
* w? 4wk, = 2waw )'
Wy
2{1-¢2,
_ (—e‘atacoswdt + e~ *bsinw,t + acoswt + bsinwt

—AA

w? + wk, + 2040

w? + w2, — 2waw

w? + w2, + 2waw
—e *qgcoswyt — e~

csinwyt + acoswt + csinwt
w? + w2, — 2waw

{—e‘“tacos(wdt —0) + e “bsin(wyt — 9)} (66)
+ (2¢n2wn; — k) | +acos(wt — 0) + bsin(wt — )
2y/1—¢2, w? + wl) + 2050

{—e‘“tacos(wdt —0) — e %csin(wgt — 0)}
+acos(wt — 6) + csin(wt — 8)
w? + 0k, - 2waw
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4.1.3. Model III hydraulic mount

Re-express the third term on the right-hand side of Egs. (50) and (51) as Egs. (67) and (68):

2
w2, 5(2¢,wp; — K)
ol 2 B ’ 67
3-r(S) [ S2 4 26,0058 + W7, S+ 26,00, + wF, “
6s) =2 (s) =21 (1 - “nz - st — ) (8)
Xe Ap s2 + 26,58 + wTZLZ s?+ 26;Wn2S + wiz .

The following expression for the inverse Laplace transforms of Egs. (67), (68):

w 2C, Wy — K
Kaz-n(t) = 2 [S(t) - —1"_22 e=S20m2t sin(wgt) + "

e S2@n2t sin(wyt — 6)], (69)
Y v1—¢;

kl wnz 2§2wn2 K
= — % 5—G2wnat gj 22 e 5—G2wnat o —
P, (t) 5 [6(t) o e sin(wgyt) + o e sin(wgt — 6)|. (70)

Combining Egs. (53) and (54), the hydraulic mount for the parallel combination of inertial
channels in the Model III configuration can be obtained for the transfer force F(t) and the
pressure P, (t) in the upper chamber at a sinusoidal excitation x,(t) = Asinwt:

Fr(t) = K, Asinwt + B, Awcoswt + Alsinwt
Wz (e““bsina)dt — e *acoswyt + bsinwt + acoswt
2{1 -4,
e~ *csinwgt + e *acoswyt — csinwt — acoswt (2¢p2Wnp — K)
w? + 0%, — 2040 )J““TJT;Q (71)
e~ %bsin(wyt — 0) — e~ *acos(wyt — 0) + bsin(wt — 8) + acos(wt — )
' ( w? + 0k, + 2waw
e %csin(wgt — 0) + e %acos(wgt — 6) — csin(wt — 0) — acos(wt — 6)
* w? + w2, — 2w )'

—AZ

2 2
w? + wy, + 205w

Ak, Wn2
P(t) = —{sinwt -
Ap 21— 91212

(—e‘atacosa)dt + e % bsinw,t + acoswt + bsinwt

w? + wk, + 2w40
—at

—e " qgcoswyt — e~ *csinwyt + acoswt + csinwt

w? + 0k, — 2waw (72)
—e " acos(wyt — 0) + e~ bsin(wyt — 0)
+ (26,055 — K) {+acos(wt — 0) + bsin(wt — ) }
2\1-¢2, w? + 0k, + 204w
—e " acos(wyt — 0) — e *csin(wgyt — 0)
{+acos(wt —0) + csin(wt — 6) }
w? + 0k, — 2waw

4.2. Transient response of ideal step excitation

Using Section 2, and the convolution method in Section 3.1, the analytical equations for the
transfer force Fp(t) and the pressure P;(t) in the upper chamber at step excitation
x.(t) = Aqu(t) are derived for the hydraulic mounts configurations in Models I, I, and III.
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The analytical equations for the transfer force Fr(t) and the pressure P;(t) in the upper
chamber of the hydraulic mount of model I under the step excitation x,(t) = A u(t) are as
follows:

t

Fuwzmmuo+&mao+J&mﬂﬂ%@—@m=&mug+&mao
0

(73)
+ w—1 e~ % (asinwgt + wycoswgyt),
ApKlAl .
P(t) = w—e'“t{asmwdt — Wy Coswyt}. (74)
d

The analytical equations for the transfer force Fr(t) and the pressure P;(t) in the upper
chamber of the hydraulic mount of model II under the step excitation x,(t) = A;u(t) are as
follows:

FHOz&mMO+&mM0+JMWﬂ&MG—ﬂﬁ
0

AA
= K, Au(t) + B,A;6(t) + w—le_at(asinwdt + wycoswyt) (75)
d

2C,Wn — K
— 1A, cz42{6““[asin(w t —0) + wy cos(wyt — 0)] + asinf — w, cos6},
w d d d d

dZC 2Wn2 — K (76)
—=— {e~*[asin(wyt — 0) + wycos(wat — 0)] + asin — wycos}.
WqWno
The analytical equations for the transfer force F(t) and the pressure P;(t) in the upper
chamber of the hydraulic mount of model III under the step excitation x,(t) = A;u(t) are as
follows:

t
Fr(t) = K, Aqu(t) + B.A,6(t) + J- kayn-n (1) x(t — T)dt

1A
=K, A;u(t) + B,A,6(t) + w—le_af(asinwdt + wycoswyt) 77)
d
26,5 — K
— 14, %{e‘“t [asin(wyt — ) + w4 cos(wyt — B)] + asinf — w,cosb},
WqWno

Pi(t) = ) e~ (asinwyt + wycoswgyt)
afp

n A1Ky 26,00, — K (78)

{e % [asin(wyt — 0) + wy cos(wyt — B)] + asind — w,cosH}.
A, wqwp;
5. Effect of different parameters on hydraulic mount

5.1. Compliance of the upper chamber and the viscosity of the fluid

The upper chamber compliance C; of model I was varied in order to study the effect of the
variation of C; on the hydraulic mount. The value of C; varies from 0.1C; to 10C;, and the
variation of the hydraulic mount transfer force is shown in Fig. 7(a). When changing the
compliance of the hydraulic mount upper chamber of model I to 0.1 C;, the amplitude of the
transfer force increases significantly and the period decreases, as shown in the solid blue line in
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Fig. 7(a). Because according to Table 1 and Eq. (59), a decrease in C; leads to an increase in A,
Wny- Similarly, when C; increases from 1.0C; to 10C;leads to a decrease in A and w,,,, so the
amplitude of the transfer force of the hydraulic mount of model 1 decreases significantly and the
period increases for the same reason. When the viscosity vis is increased from 0.1vis to 10vis, it
is clear from Fig. 7(b) that the transfer force of the hydraulic mount of model I gradually decreases,
especially when increasing the fluid viscosity to 10vis is the most obvious. This is due to the
increase in viscosity vis leads to an increase in damping of the fluid flow through the inertia
channel in Eq. (5), combined with the increase in k and ¢, obtained from Table 1, and the decrease
in the transfer force F(t) of the hydraulic mount of model I according to Eq. (59).

2000 : . . . 300
_0.1(_‘I —.1vis
= = Llvis
- = 14C
1500 1 H 250 !
10C 10vis
1 r
1000 1 200
A - , A AWA\
z F—- Z = i
< s00 1 Zs0 V
= =
!
: WWM"“NM'\.W'..-“.“.
0 1 100+
-500 1 50
-1000 : : : ‘ 0 -
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time(s) Time(s)
a) b)

Fig. 7. Effect of upper chamber compliance and fluid viscosity on hydraulic mount transfer force:
a) different C; values, b) different fluid vis

5.2. Effect of inertia channel and orifice flow channel parameters on hydraulic mount

The effect of inertia and damping of the Z, structural inertia channel fluid of model II on the
transfer force of the hydraulic mount under ideal step excitation is shown in Fig. 8(a), (b). As can
be seen from Eq. (4), the value of I; is regulated by varying the length L and effective
cross-sectional area A; of the inertia channel, which has a significant effect on the peak and period
of oscillation of the hydraulic mount under external excitation. Fig. 8(a) shows that as I; increases,
the period of oscillation t; = 27 /w, and the peak value of the transfer force increase. This is due
to the combination of Table 1 and Eq. (75) increasing /; leads to a decrease in the rate of decay of
the transfer force. As shown in Fig. 8(b), the step response of the hydraulic mount transfer force
changes from an under-damped response to an over-damped response as the value of R; changes.
At the same time, the increase in R; reduces the amplitude of the system oscillation, but the
oscillation period T, increases slightly. Fig. 8(c), (d) shows the step response of the hydraulic
mount transfer force by varying the damping values of the short flow channel of the Z; and Z,
structures for the Model II configuration. Increasing the damping values Ry, and R, of the orifice
flow channels Z; and Z,, the transfer force F(t) oscillation increases. Instead, as the damping
values Ry; and Ry, decrease, the transfer force Fr.(t) decays more rapidly. However, comparing
Fig. 8(c) with Fig. 8(d) shows that the larger the cross-sectional area of the orifice flow channel
the more rapidly the transfer force of the system decays.

5.3. Effect of different structural configurations on transfer force

In order to compare the effects of different combinations of inertia channels and orifice flow
channels on the performance of hydraulic mounts. Fig. 9 shows the variation of the transferred
force for Z, in model 1 configuration, Z, in model 2 configuration and Zg in model 3
configuration for the same step excitationx,(t) = A;u(t)and sinusoidal excitation
X (t) = Aysin(wt). It can be observed in Fig. 9 that the Z, structure in the model II configuration
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has the fastest decay of transfer force, followed by the Z structure in the model III configuration,
and the Z, structure in the model I configuration has the slowest decay of transfer force. As a
result, it can be concluded that the presence of the orifice flow channel increases the damping of
the system and minimizes the overshoot of the transfer force step response. Meanwhile, comparing
the Z, and Zg structures, it can be found that although the Z4 structure decays faster than the Z,

structure, the oscillation period T; and the amount of overshoot of the Z, structure are
significantly larger than those of the Z, structure.
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Fig. 8. Effect of model II hydraulic mount transfer force under ideal step excitation: a) inertia channel
inertia; b) inertia channel damping; c) Z5 structural orifice flow channel damping;
d) Z, structural orifice flow channel damping

0.2 0.4 0.6 0.8 1
Time(s)

a)

0.2 0.4 0.6 0.8 1
Time(s)
b)

Fig. 9. Combination of hydraulic mounts with different inertia channels to transfer forces:
a) step excitation; b) half sine excitation

6. Time-domain response analysis

6.1. Steady-state harmonic excitation response analysis

The blue line in Fig. 10 compares the response of the hydraulic mount transfer force and upper
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chamber pressure using the analytical solution of the steady-state response for Models I, 11, and
IIT solved in Section 3 with the red dashed line modeled using AMEsim. Fig. 10 show that the
steady-state responses of the transfer force and upper chamber pressure solved using the analytical
formula are in good agreement with the steady-state responses of the hydraulic mount solution
built by AMEsim. For example, the errors between the RMS of the transfer force and the upper
chamber pressure response solved by the two methods for the Z; the structure are 4.92 % and
9.81 %, respectively. The RMS of the transfer force and the pressure in the upper chamber of the
Z, structure was 97.4724 N and 0.0178 MPa, respectively, when solved analytically, while the
transfer force and the pressure in the upper chamber were 91.03 N and 0.01529 MPa when solved
by AMEsim, with RMS errors of 6.61 % and 14.1 %. Similarly, the errors between the RMS of
the transfer force and the upper chamber pressure response solved by the two methods for the Zg
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structure are 6.08 % and 10.81 %, respectively.
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Fig. 10. Steady-state response of transfer force and upper chamber pressure for Z;, Z, and Zs structures
at 25 Hz, amplitude of 0.3 mm: a) Z; structure; b) Z, structure, ¢) Zs structure
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6.2. Ideal step excitation response analysis

The transfer forces for the structure of Model 1 configuration at amplitudes A; = 1.0 mm,
2.0 mm, 3.0 mm are normalized and then overlapped in the same plot as shown in Fig. 11(a). From
Fig. 11(a), it is observed that the overshoot of the transfer force decreases with the increase of the
excitation amplitude and the transfer force decays faster while the oscillation period is longer.
This means that as the excitation amplitude increases, the natural frequency and damping ratio of
the system changes. To further illustrate whether the hydraulic mounts in the inertial channel
configuration are damping related when the excitation amplitude varies leading to changes in the
transfer force. The transfer force step response solved using the model 1 configuration Z; structure
in Section III is shown in Fig. 11(b) by changing the damping value of the inertia channel from
1.0R; to an increased value of 3.0R;. Comparing Fig. 11(a), (b), it can be found that the damping
of the inertial channel depends directly on the excitation amplitude. This conclusion is similar to
that of reference studies on multi-inertia channel bushings [14].

500 600
_A|:lmm lJ}Ri
—-.A =2mm 2.0R
1 s00 - —X
wof A,=3mm =00 :
_ 400
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zZ S — { < 300}
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Z 4 :
100 oy 100
410 E
400 1 N
0 . 01 0115, 0
0 0.2 04 1 0 0.2 0.4 0.6 0.8 1
Time(s) Time(s)
a) b)

Fig. 11. Transfer force response of Z; structure with different step excitation for model I configuration:
a) Normalized response of transfer force with different excitation amplitude under AMEsim,;
b) Transfer force response with different damping values solved analytically

7. Conclusions

The main contribution of the article is to investigate the time domain response of hydraulic
mounts for the combination of long and short inertia channels and orifice flow channels since
there are few studies on the time domain of hydraulic mounts for the combination of long and
short inertia channels and orifice flow channels. A combination of numerical analysis and
hydraulic analysis software AMEsim was used to compare the steady-state response and step
response of different combinations of short and long inertia channels and orifice flow channels.
Firstly, the transfer functions of dynamic stiffness and an upper chamber pressure of the hydraulic
mounts of six configurations are derived using the lumped model. Secondly, the convolution
method is used to solve the time domain analytic equations for the steady-state and step responses
of the hydraulic mounts conFig.d in Model I, Model II, and Model III. Study shows that
(1) increased compliance and fluid viscosity in the upper chamber of the hydraulic mount can
rapidly decrease the transfer force; (2) Reducing the inertia of the inertia channel of the hydraulic
mount and increasing the damping of the inertia channel can make the fastest transfer force reach
the minimum value while increasing the cross-sectional area of the orifice flow channel can
improve the damping value of the hydraulic mount. (3) The transfer forces and upper chamber
pressures of the hydraulic mounts of different configurations obtained by the analytical method
are in good agreement with the steady-state response of the mounts built by the hydraulic software
AMESsim; (4) The effective damping is dependent on the excitation amplitude for hydraulic
mounts.
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