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Abstract. In this paper, based on the previous research experiences in the lumped parameter
modeling and study of active control mounts (ACM) model, an analytical model of active ACM
in powertrain is developed and implemented in MATLAB. In order to validate this newly
developed model in this work, a finite element analysis (FEA) method is conducted in ANSYS
and the results of FEA is compared with analytical model for validation. After the validation, the
control strategy is integrated into the analytical model by using the linear quadratic regulator
(LQR) method. Numerical results show a good control performance. Furthermore, this work
examines the application of genetic algorithms (GA) in optimizing the weight matrices of LQR.
An optimal configuration is obtained and thus this approach could help the practical design of
ACM systems.

Keywords: test bench model, finite element analysis, linear quadratic regulator, genetic algorithm,
optimization.

1. Introduction

During the last decade, the noise, vibration and harshness (NVH) has received attention in
several publications. As a result, engine mounts are becoming more important as being not only
engine vibration isolation but also a part of engine support. One of the main functions of the
automotive vehicle engine mounting system is to support the engine body and provide comfort
ride for passengers by reducing vibration caused by engine excitation. There is much literature in
which extensive investigations have been conducted on different kinds of engine mounting
systems, from elastomeric to hydraulic mounts, from passive to semi-active and active mounts.

Although elastomeric mounts have been successfully used for automotive industry for many
years, but the conventional elastomeric mounts do not meet all the requirements, it just can only
provide a small dampingand a solution between static deflection and vibration isolation [1].
Hydraulic engine mounts (HEM) can offer a better performance than traditional elastomeric
mount in the low frequency. Hydraulic mounts have been promising alternatives to conventional
elastomeric mounts because of their ability to create frequency-dependent damping.

Hydraulic mounts have been used in the automotive industry since 1985 in General Motors
(GM). Today, almost all passenger cars are installed hydraulic mounts. The basic idea of the
hydraulic mounts is to use highly elastic rubber for vibration isolation and to use a hydraulic device
(inertia track and decoupler) to generate the large damping at a constant frequency for vibration
control. The lumped parameter of a floating-decoupler type hydraulic mount (the most common)
is as illustrated in Fig. 1, and consists of two fluid-filled chambers separated by a metallic plate
containing the decoupler and inertia track. K, and B, are the equivalent stiffness and damping of
the rubber spring. The volumetric compliance of the upper chamber and lower chamber are
modeled as C; and C,. Also, the pressures in the upper and the lower chambers are captured by Py
and P,. A, is the effective piston area, and the flow through the inertia track Q; and the decoupler
Qq. I;, R; representing the effective inertia and resistance of inertial track. Similarly, effective
inertia and resistance of decoupler are I; and R.

During low-frequency high-amplitudes vibrations, the ideal mount should exhibit large
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stiffness and damping characteristics to reduce relative displacement transmissibility whereas for
high-frequency low-amplitude vibrations the ideal mount should have low stiffness and damping
[2]. For that the characteristics of passive elastomeric mount or semi-active mount can hardly meet
the requirement of broad frequency band of engine vibration and noise reduction. One of the
effective methods to reach ideal vibration isolation is using active control engine mounts (ACM).
A typical active control engine mount (ACM) consists of a passive hydraulic mount, an active
actuator, a vibration sensor, and electronic controller. The structure of the ACM is illustrated in
Fig. 2 (K, and C, are the equivalent stiffness and damping of the rubber spring. I;, R; representing
the effective inertia and resistance of inertial track. Similarly, effective inertia and resistance of
decoupler are I; and R,).
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Fig. 1. Lumped parameter model of a Fig. 2. Structure model of an active control mount
floating-decoupler type hydraulic mount
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Fig. 2 shows thestructure model of the ACM, which is an amalgamation of the structure of the
hydraulic mount and an actuator system. But the role of the decoupler is changed to a piston
because of the actuator, so that it transmits the force from the actuator to the engine and chassis
through the upper chamber. The role of the inertia track is also changed: in hydraulic engine
mounts, the inertia track generates frequency dependent stiffness and damping. However, in the
active control engine mount, it just relieves the static pressure in the upper chamber.

Because passive hydraulic mount has superior isolation ability in the low frequency range, and
active actuator can provide highly efficient vibration control performance in relative high
frequency range, so the active engine mount can isolate the vibration of engine in much wider
frequency range. At the same time, the numerical simulation shows that the active control engine
mount is capable of significantly reducing the vibration transmission.

2. Analytical modeling

The modeling of the active engine system is restricted to three degrees of freedom. However,
note that the assumptions are made for this system [3].

1) The displacement is small compared to system dimensions.

2) The spring force is linear around the working point.

3) The upper plate (engine body) on the vibration isolation system is a rigid body.

4) Fluid is incompressible, and fluid density in chambers and fluid track is the same.

5) Mass of rubber spring, upper and lowerconnectors are negligible.

6) Damping of both lower diaphragm and decoupler membrane are negligible.

7) Leakage path tending to short-circuit fluid track is ignored.

These assumptions are used to model the vibration system in this work and Fig. 3 shows the
coordinate system [3].
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Fig. 3. Coordinate system [3]

The state space format for the equations of motion of vibration system is:

x = Ax + Bx, (1
y =Cx + Du, 2)

where matrix A, B, C and D are defined as:
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where k, is the actuator spring constant, D, is the damping parameter.
3. Validation of the mathematical model

In order to validate this newly analytical model in this work, in this section, the analytical
model is validated using a finite element model set up in ANSYS which is a widely accepted
commercial FEM software [4]. A finite element analysis (FEA) method is conducted in ANSY'S
and compared with analytical model for validation.

Table 1 shows the modal frequency of the vibration system from both the finite element model
in Fig. 4 and the mathematical model by state space method.

Table 1. Validation of the mathematical model by comparing to the finite element model

in MATLAB and ANSYS
Frequency (Hz) Frequency (Hz) . o
Modes Finite element model | Mathematical model Difference (%)
The first modal 6.84 6.84 0
The second modal 11.69 11.84 1.3
The third modal 11.73 12.76 8.0

It can be seen that both modal frequency are very close to each other, so that it can said the
model implemented in this work is reliable [S]. With the validated active mounting system model,
it is possible to conduct the control strategy modeling and the design optimization using GA.

Table 2. Model parameters

Parameter Value
D, damping 20 Ns/m
k, stiffness 8902 N/m
m upper mass 19.274 kg
Ly 0.348 m
L, 03m
a 0Om
Jxx inertia of x-axis 0.1446 Kg/m*s
Jyy inertia of y-axis 0.1676 Kg/m*s

Fig. 4. The finite element model

4. Control strategy

In this section, the control strategy will be analyzed by using the linear quadratic regulator
(LQR) method, which is a well-known design technique that provides practical feedback gains [6].
The LQR controller in Simulink/MATLAB for this feedback active vibration control is shown in
Fig. 5, where step is disturbance input, u is the control vector. By implementation of the LQR
controller, we find that the vibration isolation takes place attenuating the disturbance coming form
engine.

Transmitted acceleration with and without control are presented in Fig. 6 and Fig. 7 in time
domain.

Figs. 6 and 7 show the response of system under the disturbance in time domain. It can be seen
form Fig. 6 and Fig. 7 that the active engine mounting vibration system takes place right from the
very beginning when subjected to step disturbance signal input. As input of the step disturbance
activates, the transmitted acceleration has been increase to a greater range. This increase in the
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transmitted acceleration at engine mount decreases passenger comfort and smooth ride, working
condition such as a vehicle through a rough road in a very short time.

The second line and the third line in Fig. 6 and Fig. 7 show that the response of the longitudinal
acceleration is much faster and the lateral acceleration weakens a lot with LQR controller. It can
be noticed that at the time interval of 0-0.5 sec, transmitted accelerationat active engine is reduced
from 0.05 to 0.01 m/s> (approximately). The first line in Fig. 6 and Fig. 7 shows that the
attenuation of the vertical acceleration is more outstanding for LQR controller. It can be seen that
at time interval of 0-0.3 sec, the transmitted acceleration has been attenuated to a value of
0.02 m/s?. The magnitude of the transmitted acceleration using LQR controller is reduced from
0.04 to 0.02 m/s? from time interval 0.3 sec. At the same time, the LQR controller can also weaken
the heel and pitching direction of rotation.
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e
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E

Fig. 5. Implementation of LQR controller in Simulink/ MATLAB
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Fig. 6. Control response without LQR controller
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By comparing the simulation results, it is quite clear that LQR controller is effective in
restricting the transmitted force to the chassis. It is observed that the vibration attenuation is
obtained for a period less than 0.3 second. The result confirmed that the model with LQR control
algorithm is able to reduce significantly the vibration transmission.

By implementing LQR controller in Fig. 7, the value of gain K is calculated by adjusting the
Q and R weights matrix. By doing various iterations the values for R and Q are set, so that optimal
results are obtained. There are various methods of selecting values of the weights which will lead
to the optimal control of an associated system. These methods are cheap control, expensive control
and terminal control. In this paper, each of the methods was used to obtain our weights and the
one leading to optimal control of our system was chosen.
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Fig. 7. Control response with LQR controller

5. Optimization via GA
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Fig. 8. Fitness function value in GADST

The selection of weight matrices in LQR is very importance and it straight affects the control
performance. But the weight matrices are usually set by experience of designer and so the optimal
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control performance could not be obtained. The genetic algorithm (GA) is an optimization and
search technique based on evolution, and it has been applied to many optimization problems [7, 8].
This work examines the application of genetic algorithms in optimizing the weight matrices of
linear quadratic regulator [9]. The objective function for GA is:

Minimize L = EA(x) 4 PA(x) 4 RA(x) 3)
fimze & = EApas  PApas RApas’

where EA is the engine body vertical acceleration, PA is the pitching acceleration, RA is the roll
acceleration, pas is the passive acceleration. The result of the GA objective function in
MATLAB/GADST GA toolbox is shown in Fig. 8.

6. Conclusions

In this paper, the vibration control performance of a selected active control engine mount
system with LQR controller is evaluated. Then, an analytical model which includes the hydraulic
engine mount and active control technique are implemented and analyzed [10]. This newly
proposed model is validated by compared with FEA. In addition, the LQR controller is integrated
into the model in order to achieve better vibration reduction as shown in numerical examples. Also,
the application of GA for optimization design of LQR weight matrices is studied as well to have
the optimal configuration of control strategy. For future work, different control techniques can be
examined for the disturbance rejection such as LQG and robust control methods, which probably
could provide more effective ways of dealing with disturbance reduction.

Acknowledgements

This project is supported by MYRG155(Y2-L2)-FST11-XZC which is funded by Research
Committee of University of Macau.

References

[1]  YunheYu, Nagi G. Naganathan, Rao V. A literature review of automotive vehicle engine mounting
systems. Mechanism and Machine Theory, Vol. 36, Issue 1, 2001, p. 123-142.

[2] Geisberger A., Khajepour A., Golnaraghi F. Non-linear modeling of hydraulic mount: theory and
experiment. Journal of Sound and Vibration, Vol. 249, 2002, p. 371-397.

[3] Thorsten Muller, StefanHurlebaus, Uwe Stobener Modelling and control techniques of an active
vibration isolation system. Conference and Exposition on Structural Dynamics, 2005.

[4] Xie Zhengchao, Shepard W., Steve Jr. Development of a new finite element and parametric study
for plates with compressible constrained layer damping. Journal of Composite Materials, Vol. 46,
Issue 11, p. 1263-1273.

[S] Xie Zhengchao, Wong Pak Kin, Huang Xinzheng, Wong Hang Cheong Design of an active vehicle
suspension based on an enhanced PID control with wheelbase preview and tuning using genetic
algorithm. Journal of the Chinese Society of Mechanical Engineers, Vol. 33, Issue 2, 2012, p. 103-112.

[6] Yuan Yun, Yangmin Li Active vibration control based on a 3-DOF dual compliant parallel robot
using LQR algorithm. International Conference on Intelligent Robots and Systems, 2009, p. 775-780.

[71 Xie Zhengchao, Wong Pak Kin, Ian IanChong A genetic algorithm-based optimization design on
self-sensing active constrained layer damped rotating plates. Journal of Intelligent Material Systems
and Structures, Vol. 22, Issue 17, 2011, p. 2069-2078.

[8] Xie Zhengchao, Wong Pak Kin, Chong Ian Ian Modeling and analysis of rotating plates by using
self-sensing active constrained layer damping. Journal of Mechanical Science and Technology,
Vol. 26, Issue 10, p. 3009-3016.

[9] Xie Zhengchao, Wong Pak Kin, Zhang Long Numerical modeling and control of rotating plate with
coupled self-sensing and frequency-dependent active constrained layer damping. Mathematical
Problems in Engineering, 2012.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2014, VOLUME 16, ISSUE 7. ISSN 1392-8716 3279



1417. A NUMERICAL INVESTIGATION ON ACTIVE ENGINE MOUNTING SYSTEMS AND ITS OPTIMIZATION.
ZHENGCHAO XIE, PAK-KIN WONG, YUCONG CAO, MING L1

[10] Xie Zhengchao, Lou Inchio, Ung Wai Kin Freshwater algal bloom prediction by support vector
machine in Macau storage reservoirs. Mathematical Problems in Engineering, 2012.

Zhengchao Xie received B.Sc. degree from Jilin University and M.Sc. degree from
Huazhong University of Science and Technology, both degrees are on automotive
engineering. Dr. Xie got his Ph.D. degree from University of Alabama and his research
interests include vibration control, finite element method, and design optimization.

Pak-Kin Wong received the Ph.D. degree in Mechanical Engineering from The Hong
Kong Polytechnic University, Hong Kong, China, in 1997. He is currently a Professor in
the Department of Electromechanical Engineering and Associate Dean (Academic
Affairs), Faculty of Science and Technology, University of Macau. His research interests
include automotive engineering, fluid transmission and control, engineering applications
of artificial intelligence, and mechanical vibration. He has published over 152 scientific
papers in refereed journals, book chapters, and conference proceedings.

Cao Yucong received the B.S. degree in Electromechanical Engineering from lJilin
University, China. Now he is a master student in Electromechanical Engineering,
University of Macau. His current research interests include automotive engineering,
vibration control, and design optimization.

Li Ming received his B.Sc., M.Sc., and Ph.D. degrees from Jilin University, and all these
degrees are on automotive engineering. His research interest is mainly on the thermal
transfer modeling and analysis and automotive engineering.

3 2 80 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2014, VOLUME 16, ISSUE 7. ISSN 1392-8716




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /CMYK
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


