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In this paper, a robust controller is designed with the help of a Magnetorheological fluid (MRF) for a semi-active
engine mount. To do so, an 8-DOF vehicle model is chosen in which the road roughness and engine vibration
are the disturbance inputs to the system and the mass of the vehicle is taken into accounts as an uncertainty. In
addition, the maximum magnitude and frequency of the force applied to the vehicle body by the actuators are
limited in the ranges of 0~ 1500N and O~ 10Hz, respectively. To validate such a design, the proposed controller is
compared with a PID controller. The comparison results show that the proposed controller has a good performance
while dealing with uncertainties such a way that using it leads to transmitting the engine vibration frequency less
than 6%. It is also shown that the vibrations due to disturbances entering the system are effectively reduced in the

system including the proposed controller.

1. INTRODUCTION

Recently, the use of Magnetorheological (MR) engine
mounts for improving Noise, Vibration and Harshness (NVH)
performance has been increasing due to their interesting prop-
erties. These properties result from the use of a smart Mag-
netorheological Fluid (MRF), which has an ability to respond
quickly to the applied magnetic field in a range of frequencies.
Engine idle vibrations and uneven road-induced vibrations are
usually below 50 Hz. The frequency of the driving engine vi-
brations is usually between 50 and 200 Hz with its vibration
magnitude being less the 3.0 mm.! An engine mount is thus
required to be designed in such a way that the mentioned vi-
brations are properly damped at both frequency ranges.” The
first evaluation of the MR engine mounts performance by re-
placing the hydraulic fluid within the engine mount with MR
fluid is done. The MR fluid flows within the chambers of the
engine mount and leads to reduced transmission of engine vi-
brations to the body through changing engine mount stiffness
in the driving engine vibrations.>* By comparing the char-
acteristics of an ideal engine mount with those of a typical
elastomeric engine mount and smart engine mounts containing
MR fluid, Sarkar et.al® found that the mentioned smart engine
mounts and ideal engine mount have a similar performance.
In references,%® increasing the MRF stiffness through the en-
hancement intensity of the magnetic field applied to the fluid
reduces the transmission of engine vibrations to the vehicle
body. However, the mentioned references have been only char-
acterized the mount properties without using any controller.
An engine mount has been designed based on the flow mode
in references.’ As described in which, the dimensions of an
engine mount are specified by determining the damping force
and yield stress of the LORD Corporation’s Magnetorheolog-
ical Fluid (MRF 132 LD) for obtaining an optimal vibration
isolation. However, such a structure has not been used for any
car application.

Since the reduction of the road roughness impact is impor-
tant for improving vehicle ride comfort, it must also be mod-
eled and considered in the controller design. In order to im-
prove the vehicle, ride comfort, a random road profile used for
the design of MR damper in references.!®!! The stability of
control systems is also an important issue. Since the major part
of the instability is due to the existence of noises and uncertain-
ties, an efficient technique must be required in the design ap-
proach to reduce the potential errors and disturbance effects.
In references,'? several control strategies that use MNF are
described. These strategies include Skyhook controller, PID
controller, LQG, Sliding Mode controller and H, controller.
The advantages and disadvantages of each method have been
pointed out. It was finally shown that the H, controller has
a good role in achieving stabilization with guaranteed perfor-
mance of the system. In references,'>"'> suspension systems
in combination with an H,, have been designed to improve
vehicle performance. The control targets car body, travel, and
suspension deflection are stabilized in a short amount of time
in comparison with passive suspension. The sensitivity anal-
ysis has been shown that the active suspension system is able
to work when sprung mass changes, which may occur when
passengers are added. In references'® a robust Model Refer-
ence Adaptive Controller (robust MRAC) has been employed
for an active engine mount. In which, the H, control scheme
and an adaptive one (MRAC) are combined for controlling the
mount. Simulation results show that robust MRAC is effective
in reducing the transmitted force from the engine to the chas-
sis. Such active mounts can provide good vibration isolation
performance.!”?* However, they have some drawbacks such
as structural complexity, high energy consumption, and high
cost, which lead to restricting their using in the industry. For
solving the problems due to the mentioned shortcomings of
the active mounts, semi-active mounts that use MR fluids are
presented.?'=>* It was reported that such semi-active mounts
have controllable damping properties by applying the magnetic
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field. In addition, using these semi-active mounts in the engine
mounting systems, the force transmissibility and vibration dis-
placement can be controlled well.?>?3 However, it is desired
to combine the semi-active mount with H, controller for im-
proving the vehicle ride comfort.

In this research, an H, controller is designated to control
body vibration and reduce body displacement during vehicle
motion when submitted to engine vibration and car moving on
irregular roads.

2. VEHICLE MODEL

In order to simulate the vehicle body and engine, an 8-DOF
vehicle model is employed. The degrees of freedom of the
model include 4-DOF for wheels, 1-DOF for the mass-center
shift, 2-DOF for the angular displacement of the vehicle mass
center and 1-DOF for vertical displacement of the engine. The
vehicle model is depicted in Fig. 1. Unsprung mass motion can
be represented as:*>

-1
xuz = ( ) [_ksi (fsi - -Tuz) — Cgi (‘rsz - (Euz)

Meyi

thti (Tui —2a)] 5 1=1,2,3,4; (D)
in which, m,; represented sprung mass supported by each
wheel, kg;and cg; represented the equivalent suspension stiff-
ness and damping, k;; represented the equivalent tire stiffness,
x5 and @5 denoted the displacement and velocity of the junc-
tion point of the suspension line to the body, x,; and i,; rep-
resented unsprung mass displacement and velocity and x; re-
flected the road profile. These parameters are shown in the
Table 2 in the Appendix A. The junction point motion of the
suspension line to the body are as follows:

Tg; = Te + Zsiesy - ysiesz; 1=1,2,3, 4. ()
in which, x. represented the vehicle center of mass displace-
ment. 0, and 6, represented the roll and pitch motion of the
vehicle body. y,; and z,; denoted the position of each suspen-
sion in y and z direction. Therefore, the force transmitted to
the vehicle body from the suspension system was formulated

as follows:®

fswi = ksi (xsi - xui)+csi (m.si - xuz) 5 1= 1, 27 37 4. (3)
The force exerted on the body from the engine was formu-
lated as follows:

_kmr (xe - xse) — Cmr (t’te - i’se) + fMR; (4)

fmount =

in which k,,, and c,,,, were the equivalent engine mount stiff-
ness and damping. x. and z. represented the displacement and
velocity of the engine body in x direction. z. and &5, were the
position and velocity of the junction point of the mount vehicle
body. farr was the MR force generated by the Magnetorheo-
logical fluid which is described in the next section. The system
dynamic equations were as follows:

.. 1
Te = _mi (fsxl + fst + fsxS + fs;c4 - fmount) =

S

Figure 1. An 8-DOF vehicle model with the engine mount.
(ﬂi) (e (ot + Ksa + g + Kos + hinr)
+ 2 (o1 + Cs2 + Cs3 + Csa + Cmr)
+ Oy (ks12s1 + ks22zs2 + Kozzes + ksazsa + Emr2zm1)
+ 05y (Co1251 + Co2Zs2 + Cs3253 + CsaZsa + Cor Zm1)
— Osz (ks1ys1 + ksoYs2 + Ks3ys3 + ksaYsa + KmrYm1)
— 0. (cs1Ys1 + Cs2Ys2 + Cs3Ys3 + CsaYsa + ConrYm1)
— Turks1 — Tu1Cs1 — Tu2ks2 — Tu2Cs2 — Tuzkss — Tu3Cs3

_xu4k'54 - jju4cs4 - kmrxe - Cmrjje - f]\/[R] 5 (5)

. -1
sy

[fsxlzsl + fsx2252 + fsw3zs3 + fsx4zs4 - fmountzm] =
-1
ra— [mc (kslzsl + ks2z52 + ksSZSB + 1{3542’34)
lsy
+ jfc (Cslzsl + Cs2%52 + Cs3%s3 + 654254)
2 2 2 2
+ 052! (k51zsl + k52282 + k83zs3 + k54zs4)
) 2 2 2 2
+ esy (Cslzsl + Cs2249 + 083233 + 634234)

- esz (kslzslysl + 7%2252%2 + ks3253y53 + ks4zs4ys4)
- esz (Cslzslysl + Cs2%52Ys2 + Cs3%s3Ys3 + Cs4zs4ys4)
- kslzslxul - cslzslj;ul - k\92282$u2 - 082'252:'1.7’[1,2
- k53253$u3 - Cs3zs3j:u3 - k54234$u4

—Co4Zs4Tya — fmountzm] ; (6)
B 1
()
lsz

. [fsa:lzsl + fsa:2252 + fstzSS + fsw4zs4 - fmountym]

1
= (Z) [xc (kslysl + k52y52 + ksBySB + ks4ys4)
sz
+ jjc (Cslysl + Cs2Ys2 + Cs3Ys3 + cs4ys4)
+ esy (kslysl Zs1 t+ k52y32 Zs2 t+ ks3y33 Zs3 + ks4ys4 254)
+ ésy (Cslysl Zs1 T Cs2Ys2 Zs2 + Cs3Ys3 253 T Csa¥sa 234)

—0s- (ks1y51 + ks2y§2 + k’s3yf3 + k34y§4)
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Figure 2. The vibration force applied by the engine at a frequency of 100 Hz.

) 2 2 2 2
— 0. (Cs1y31 + Cs2Y5o + Cs3Ys3 + Cs4ys4)
- kslyslxul *Cslysli'ul - k82y52xu2 *CSst2i:u2 *k33y53zu3

—053%35%3 - ks4ys4xu4 - Cs4ys4-(tu4 - fmountym] ; (7)

where, y,,, and z,, were the position of mount in engine body
coordinate in y and z direction.

2.1. Engine Mount Structure

In order to simulate the engine mount, a 1-DOF model of
conventional engine mounts with MRF was used. The intended
equations for the engine mount were as follows:

Zf = mei& = fe - fmoum‘, = mefie =

mejfe + ka (.’135 - -rse) + Cmr (jje - jjse) = fe - fMR;

®)

where m,. was the engine mass and f. was the unbalanced
engine simulation force. f. and fj;r were calculated as fol-
lows:20

fo = mew? et 9)

fmr = fyield; (10)

where w was the engine rotation speed, fy;c;q Was the mag-
netic force caused by the fluid and e was equivalent distance
of unbalance mass. Fig. 2 indicates the force exerted from the
engine to the chassis at the frequency 100 Hz.

Due to the geometry of the engine mount, the relationship
between the force generated by the MRF (fy;c14) Was calcu-
lated from the following equation:¢

31, (H) Lm

fyietd = m (D? - d?) =

_ Ahfyica

7y (H) = Lrn (D? — d?) (h

in which D and d were the mount piston’s outer and inner
diameter respectively. L, b and h represented the mounts flow
channel length, width and gap respectively. 7, was the yield
stress, which changes with magnetic field intensity. H repre-
sented the magnetic field intensity, which changes with mag-
netic flux density. Figure 3 shows the MRF 122-EG magnetic
characteristics.

Figure 4 shows the relation between magnetic field inten-
sity, yield stress and magnetic flux density as a surface. The
controller counted the desired yield stress in order to calculate
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Figure 3. Magnetic characteristics of MRF a) yield stress b) magnetic flux
density.

Figure 4. The MRF-122EG magnetic flux density related to Yield stress and
magnetic field intensity.

the needed magnetic flux density. Only the operating point of
the system is shown in the Fig. 4. The coil current related to
magnetic flux density was obtained as:

_ pNI 2rRB

= ﬁ = Icontroller = NT (12)

in which [V represented the number of coils. I showed the coil
current. R represented the coil mean radius. p was the fluid
permeability constant. Because of the technical restrictions of
the coil current, the maximum coil current is set to 3 amps.

2.2. System Uncertainties

Since the mass of the vehicle changes by mounting and dis-
mounting the passengers, there is always an uncertainty in the
mass of the vehicle. For the vehicle body mass, 40% uncer-
tainty is considered which was represented as M = M (1 +
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Figure 6. Engine mount controller.

DPmOm,)- M was the nominal mass. py, represented the maxi-
mum amount of uncertainty, which was considered here as 0.4.
0., represented the percentage of uncertainty to the maximum
uncertainty that was always = 1 < §,,, < 1. Given that M was
counted in the denominator, uncertainties were as follows:2”

1 1 1 P, -1
M M@1+Pnd,) M M ( ) a3y

The LFT of this block diagram is shown in Fig. 5.7 In this
system, the force was applied by the engine mount regarded as
the control input and the system desired output was considered
for the passengers’ comfort.

3. CONTROLLER DESIGN

For the attenuation of vibration transmitted from the engine
and road, engine mount parameters were changed over variable
engine conditions. The controller changes the force generated
by the MRF and engine mount parameter reaches to the de-
sired value. Figure 6 shows the location of the controller in the
system.

In order to design the controller for this system, a PID con-
troller was designed via the Ziegler-Nichols tuning method.®
According to the ISO 8608, a road profile can be used as pe-
riodic vibration. By assuming a harmonic motion in the road,
this unknown input could be represented by one wave or a sum
of sinusoidal waves (Tudén-Martinez, S. Fergani, Martinez,
Morales-Menendez, & L. Dugard, 2015). The road profile was
intended as follows:

hy = 0.05sin(1.57t) sin(0.157t)

01

Amplitude (m)
&

e
o
@

0.1
0

Figure 7. Road profile.
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Figure 8. PID controller schematic diagram.
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Figure 9. Body displacements with PID controllers.

+ 0.05 cos(0.67t) sin(0.37t).  (14)

Figure 7 shows the road profile.

Figure 8 shows the systems diagram and its inputs and out-
puts. The system output and input were body velocity and MR
force, respectively. As can be seen in the same figure, large
uncertainties affected the controller and caused the inaccuracy
and poor robustness of the control system.

3.1. Robust Controller Design

In this section, the robust H., controller was designed.
Since the PID controller was unstable and was unable to damp
vibrations caused by the engine and the road in the presence
of uncertainties properly, a proper robust controller was used.
The system state-space equations in the presence of distur-
bances are as follows:?’

& = Az + Biw + Bou;
z = Cix + Di1w + Diau;

y = Cox + Doyw + Dosu;

15)
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Table 1. Weighting functions for controller.

_ s
w1 = s+1
_ 1.24 s422.3
W2 = 537 s¥31.7
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Figure 10. Controller schematic diagram.
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Figure 11. Body displacements with controllers.

where x represented the system modes and w represented the
disturbing inputs, including road inputs for four wheels and
engine vibrations. u represented the smart fluid MR force in-
put, z represented the desirable output that was considered as
the body acceleration (4j.) here and y was the measurable out-
put that was considered as the body displacement and velocity
(y. and g.). By using model external disturbances and quan-
tify the design objectives. The weighting functions for the H,
controller is shown in the Table 1.

Figure 10 shows the system control diagram. For the con-
troller design process, it was important for the output signal to
have a smooth shape, prevent high frequencies, reduce phase
shift and allow for more flexibility in the overall design. To
do so the control law to MRF a fourth-order Butterworth low
pass filter with a cutoff frequency of 3 times of the natural fre-
quency was used.>*3! This filter equation is as follows:

0.0185* +0.074S53 +0.11152 + 0.074S + 0.018

16
S4 +1.5753 4+ 1.27652 4 0.4844S + 0.0762 (16)

Figure 11 shows body displacement in the presence of the
engine vibrations and road-roughness.

As can be seen in the same figure, the body displacement
has little magnitude in comparison with the road profile, a
smooth shape and low frequency in comparison with the en-
gine vibrations and the I, controller can attenuate the distur-
bances and uncertainties. Figure 12 shows the bode diagram of
the designed H, and PID controllers in the 1-500 Hz band-
width. The phase diagram for H, controllers has a minimum

) [— H.. controller
& T T 1< PID_controller |
o -10 )
o
2 -2
c
& -30
Z 0
& 90
g |
£ 00 Sl
o -135

-180

10° 10! 102
Frequency (Hz)

Figure 12. Comparison of Bode diagram of the and PID controller due to the
body acceleration.

= 3000 700
“Lj 2000 ‘.“-‘ e ; T _HlSOH ;
S 1000 — Py W i
S 0
o
€ -1000
g
® -2000

Time (s)

Figure 13. Engine mount force transmitted to the vehicle body in the different
engine vibration frequencies.

of 50 Hz and a maximum of 100 Hz. This indicates the maxi-
mum attenuation of designated controller in this frequency. On
the other hand, the PID controller is saturated and cannot at-
tenuate the disturbances in the engine frequency region (about
100 Hz).

In addition, the designed controller reduced the transmitted
engine vibration frequency significantly. Figure 13 depicts the
force transmitted from the engine mount to the body for sev-
eral engine excitation frequencies for the H, controller. These
frequencies are 70, 90, 110 and 130 Hz. This is the total force
that was generated by both passive and active components of
the engine mount. The Force magnitude is increased by in-
creasing the engine vibration frequency. Figure 14 shows that
the MRF produced force in the mentioned frequencies for the
H, controller. This figure shows MRF can only damp energy
and not supply it, thus a passivity established on the controller
which supply current to the mount in dissipation phase. As the
excitation frequencies intensify the MRF must produce more
yielding stress to overcome the excitation force.

Figure 15 shows the bode diagram of the total transmitted
force to the chassis for the H, and PID controller. The trans-
mitted force has a maximum gain that is close to the engine ex-
citation frequency (100 Hz) and the force phase is descending.
The MRF force has a similar behavior and has two peaks in
the road and engine vibration frequencies, which indicate that
the designed controller can respond properly in the vibration.
The PID controller cannot significantly reduce the transmitted
force to the chassis. The H,, controller is reduced about 3.6
times the transmitted force than the PID controller.
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Figure 14. The MREF force in the engine mounts.
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Figure 15. a) Magnitude diagram b) Phase diagram, of the transmitted force
to the chassis for the and PID controller.

4. CONCLUSIONS

An H, robust controller is simulated and designed for the
MREF semi-active engine mount. To do so, an 8-DOF is used
which is imposed to a sinoside road profile and engine vibra-
tions as disturbances. For reducing the effect of these distur-
bances, a semi-active engine mount with the help of the MRF
is employed. First, a PID controller is designed. It is then con-
firmed that this controller cannot overcome the disturbances
and uncertainties. Next, the H, controller is designed to min-
imize the vehicle body vibrations by changing the force gen-
erated by the MRF over the variable frequency range of dis-
turbances. The results show that the designed controller can
reduce over 50 dB of the magnitude of designed system in
comparison with the passive engine mounts.
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APPENDIX A

The parameters in the Eqs. (1)—(4) is listed below:

Table 2. Vehicle dynamic parameters

Parameter name amount
Engine mass (M.) 215 kg
Front unsprung mass (M1, M,4) 29.5 kg
Rear unsprung mass (M, M,3) 27.5kg
Front suspension damping (cs1, Cs4) 3200 %
Rear suspension damping (cs2, ¢s3) 1700 %
Front suspension stiffness (K1, Kg4) 20580 %
Rear suspension damping (K2, Ks3) 19600 %
Sprung mass (M) 868 kg
Inertia about y axis () 235 kg m?
e Inertia about z axis (I32) 920 kg m?
Tire stiffness (K1 ... K1) 2x10°8
Position of mount in y direction (y,,) -0.31 m
Position of mount in z direction (z,,) 0.13m
Stiffness of rubber part of mount (K,,,) | 2.23 x 105%
Damping of rubber part of mount (C,,,-) | 98 %
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