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This paper analytically examines the multi-dimensional mounting schemes of an
automotive engine-gearbox system when excited by oscillating torques. In particular, the
issue of torque roll axis decoupling is analyzed in significant detail since it is poorly
understood. New dynamic decoupling axioms are presented an d compared with the
conventional elastic axis mounting and focalization methods. A linear time-invariant system
assumption is made in addition to a proportionally damped system. Only rigid-body modes
of the powertrain are considered and the chassis elements are assumed to be rigid. Several
simplified physical systems are considered and new closed-form solutions for symmetric and
asymmetric engine-mounting systems are developed. These clearly explain the design
concepts for the 4-point mounting scheme. Our analytical solutions match with the existing
design formulations that are only applicable to symmetric geometries. Spectra for all six
rigid-body motions are predicted using the alternate decoupling methods and the closed-
form solutions are verified. Also, our method is validated by comparing modal solutions
with prior experimental and analytical studies. Parametric design studies are carried out to
illustrate the methodology. Chief contributions of this research include the development of
new or refined analytical models and closed-form solutions along with improved design
strategies for the torque roll axis decoupling. © 2000 Academic Press

1. INTRODUCTION

There is considerable interest in controlling the automotive powertrain vibration problems
through proper design of the rubber and hydraulic mounting systems [ 1-15]. The pulsating
torque generated by the multi-cylinder engines is one of the major sources of vibration. This
becomes even more critical in future vehicles which will employ high power density
powertrains with lighter and more compact body frames. Mathematical models of the
engine-mounting systems are therefore needed to fully understand the dynamic design
issues, given increasingly stringent packaging and geometric constraints. This article
analytically examines the three-dimensional mounting schemes that may dynamically
decouple the torque roll axis (TRA).

The TRA is defined as an axis around which rotation occurs when a torque is exerted on
a free rigid body about an arbitrary direction, say x in Figure 1(a). Since the system of
Figure 1(a) is unconstrained, the TRA is determined by the inertial properties of the
powertrain and the direction of the torque. It should be noted that the direction of the TRA
may not be unique when it is purely defined by using the Euler’s equations of motion for
a free rigid body. Now assume that the system is constrained and the rotational
displacements of the rigid body undergoing oscillations are small. Therefore, all second
order terms in the Euler’s equations of motion will be negligible and this will result in the
unique TRA direction. In many practical cases, the TRA does not coincide with any of the
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Figure 1. Schematic view of the torque roll axis (TRA) mode and decoupling concepts: (a) TRA for a free rigid
body, (b) coupled powertrain mount system, (c) TRA mode-decoupled system.

principal inertial axes or the crankshaft axis [4-6]; in fact typical deviations may be
up to 25°. When the powertrain is supported by multiple mounts, there exists six
physical modes such as vertical bounce (w,), longitudinal force-aft (w,), horizontal side
motion (w,), roll (0,), pitch (0,), and yaw (0,) modes as shown in Figure 1(b). Now suppose
that a torque T, is applied about the x-axis, as defined by the reference co-ordinate system
of Figure 1(b).

Two types of forced vibration responses may be produced. One is the pure rotational
response about only the x-axis; designate it as the roll mode that is “decoupled” from the
other physical modes. The second one is the coupled response along or about several axes;
the roll mode is now “coupled” with the other physical modes. Some caution must be
exercised regarding the terminology that is used in this area, especially with terms such as
“coupling”, “decoupling” and “mode”. The term “mode” may refer to the forced response
“mode” along or about a chosen physical co-ordinate axis. Hence, the term “physical mode”
is adopted here instead of simply “mode” in order to differentiate it from the natural mode
of vibration. Consequently, some of the terminology used before in the literature such as the
“three coupled natural modes” [7] should be changed to the “three coupled physical
modes” to avoid confusion.
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2. TORQUE ROLL AXIS DECOUPLING CONCEPTS

Most dynamic design principles attempt to place the natural frequencies of the system
below and above the excitation frequency range [8, 9]. However, if a system has several
resonances within a narrow band, it becomes a rather difficult task to achieve. Therefore,
a physically decoupled system has a better chance of producing fewer resonances over the
operating range. For example, if a system is completely decoupled in physical modes,
excitation along one physical co-ordinate should excite only one mode, as shown in Figure
1(c). Even when two or three different excitations are simultaneously applied to the
powertrain, projected excitations along the physical co-ordinates may have only a few
non-trivial values. Hence, physical decoupling of the powertrain is often necessary to ensure
that vibro-acoustic performance goals will be achieved. Concurrently the mounting system
must also satisfy the packaging needs, geometric constraints and static load-bearing
requirements.

The elastic axis decoupling scheme is frequently a starting point in the industrial
mounting system design practice [2, 6,7, 10]. Elastic axes for an elastically supported
rigid-body system are those axes along which only the displacement (or rotation), collinear
with the direction of the applied static force (or moment), occurs as shown in Figure 2(a) and
2(b). If a physical co-ordinate system can be defined using elastic axes I', and if it coincides
with the principal inertial co-ordinate system I,, the dynamic response consists of three
decoupled translational and three rotational modes as shown in Figure 2(c). System mass
and stiffness matrices are then diagonal either in I, or I, co-ordinates. However, Kim [11]
maintains that the elastic center of mounts cannot always exist in a full three-dimensional
(3-D) rigid-body system since only the six off-diagonal terms are forced to vanish in the
physical domain. Therefore, the complete decoupling of a practical powertrain by the elastic
axis mounting concept is impossible to achieve when one considers the 3-D asymmetric
shape of the inertial body and arbitrary placement of the mounts. Consequently, the
focalization method, which is related to the elastic axis decoupling concept, has been
implemented as it partially decouples a system [2,7]. Direct design methods of the
mounting system also have been tried, using optimization algorithms, regardless of the
coupling of physical modes. Bernard and Starkey [8] and Spiekermann et al. [9] applied
optimization algorithms to prevent the resonances of the engine natural rigid-body mode
from being excited by engine excitation. Ashrafiuon attempted to minimize the forces
transmitted from the engine to the nacelle in an aircraft [14].

The true TRA mode decoupling strategy has also been sought by designers and
researchers over the past two decades [4-6]. Requirements for the existence of a decoupled
TRA mode are suggested by Geck and Patton [5] and these have been implemented in
a numerical optimization scheme. But they could not obtain a more complete decoupling of
the TRA mode. The TRA decoupling mechanisms therefore remain poorly understood and
inadequately analyzed. New or refined dynamic decoupling conditions are obviously
needed and these will be examined in this paper.

3. PROBLEM FORMULATION

Consider the generic powertrain system of Figure 3(a). Several approximations and
simplifications must be made to establish a tractable research problem. These include the
following. (1) Displacements of the powertrain are small. (2) The powertrain is represented
by a rigid body of time-invariant inertial matrix M of dimension 6. (3) The powertrain is
supported at four discrete locations as shown in Figure 5; rubber or hydraulic mounts are
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Figure 2. Elastic axis decoupling scheme and relevant coordinate systems. (a) A powertrain mount system with
I, (x,y,z) and I, (x,, y,, z,) co-ordinate systems. Here, C, is the center of gravity. (b) Equivalent system
representation in the elastic axis co-ordinate system I, (x., y., z.) when C, is the elastic center. (c) Elastic axis
decoupled system.

represented by tri-axial linear spring elements (k,, k,, and k,). (4) Viscous C and/or
structural H damping matrices are assumed to be known; they may be estimated from
known modal damping ratios assuming a proportionally damped system. (5) The vehicle
chassis may be modeled as a rigid termination. (6) The excitation is assumed to be either
harmonic or periodic of known frequencies, amplitudes, and phases. (7) Emphasis is initially
placed on the lower frequencies (up to 50 Hz) covering six modes of rigid-body vibration;
the upper-frequency range may be extended in future work when the relevant vehicle chassis
and powertrain vibrational responses are included.

For the generic powertrain mount system of Figure 3(b), the inertial co-ordinate system
for the rigid body is denoted as I, the TRA co-ordinate system is given by I'rg4, and the
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Figure 3. Physical system of interest. (a) A generic powertrain with rubber and/or hydraulic mounts. Only
pulsating torque excitation is illustrated here. (b) Co-ordinate systems I', (X, y, z), Irra (X', V', 2') , and I (X3, Viis Zi)-

principal elastic co-ordinate system of the ith mount is defined by I};. The crankshaft axis is
parallel to the x direction in I, and the TRA is parallel to the x” direction in Irg,. The
position vector r; = [ay; a, a.]" of the ith mount is in the I, system. A generalized
co-ordinate vector q is defined by combining translations (w,) and rotational (0,)
displacements of the powertrain center of gravity (C,):

q= [wgs O;JT = [[Wx Wy, Wz]s [Hx ey GZJJT- (1)

Specific objectives of this article are as follows. (1) Develop an analytical formulation of the
problem and derive mathematical conditions that yield a more complete dynamic
decoupling of the torque roll axis mode by proposing a new axiom. (2) Compare the
proposed dynamic decoupling technique with the existing elastic axis mounting design and
focalization methods. (3) Obtain closed-form solutions for a few simplified mounting
schemes to better understand the effect of mounting parameters. (4) Compare various
methods and validate the proposed formulation by comparing modal solutions with those
given by Spiekermann et al. [9].
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4. ANALYTICAL MODEL

The inertia matrix M of the powertrain (engine and gearbox) consists of the following
translational (M,,) and rotational (M) inertia terms, where m is the system mass, I is the
moment of inertia, and diag implies a diagonal matrix (also refer to Appendix A for the
identification of symbols):

Ixx _Ixy _Ixz
M, 0 .
M= , M, =diag([m m m]), My=| —1,, I, —1I.|. 2
0 M,
_Ixz - Iyz Izz

Inertial properties may be estimated based on simplified powertrain geometry or from solid
models/finite element analyses. The mounting system stiffness matrix K can be obtained by
considering the reaction forces and moments from mounts when the center of gravity C, is
displaced. Consider the planar rigid-body powertrain of Figure 4 where only the
translations along x and y directions and the rotation (6,) around the z axis are considered
[7]. The torque reaction from mounts due to 0, will be (k, + a; k,)0.. If k, is assumed to be of
the same order of magnitude as r?k,, where r, is a characteristic dimension of a mount, we
obtain the following relationship: k,/a;k, ~ (r./a,)*. Values of r./a, for a typical rubber
mount range from 0.1 to 0.2, and therefore the contribution of k, is negligible. Consequently,
the stiffness matrix of the ith mount K; in I; may be simplified as

Ksi = dlag([kpl kqi kri] )9 (3)

where k, is the principal compressive stiffness, and k, and k, are the principal shear
stiffnesses. A transformation matrix R, ,; between I, and I; co-ordinates is used to obtain
the static stiffness matrix K,; of the ith mount in I, from Kj;. The elements of R, ;; consist of
directional cosines of I'; with respect to I}, since only the rotational transformation must be

considered. The matrix K,; is obtained as

kxxi kxyi kxzi
Kgi = 9%g,sil(sii}{g,si = kxyi kyyi kyzi . (4)
kxzi yzi kzzi

JITTT

Figure 4. Consideration of torsional stiffness k, in a powertrain mount.
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Let w; be the deflection vector for the ith mount,
w; =W, + 0, xT;. (5)

Instead, we use the rotation matrix B; for the cross-vector product and rewrite equation (5)
as follows where I is an identity matrix of dimension 3:

0 a,; ay;
w; = [1 BiT]CL Bi=| a; 0 Ay (6, 7)
— Qy; Ayi 0

The translational reaction force R,,; and moment reaction Ry; from the ith mount are
R,;= —K,w; = — K, [1 BT]‘L (®)
Ry =1 xR,; = BR,; = — BK,[I B']q. )

Combining reaction force and moment, one obtains the reaction vector

Rwi Kgi KgiB;r
= — . 10
[Ro,} [(KgiB,T)T B,-KgiB?]q (10

Hence, the contribution of all mounts to the system stiffness matrix may be combined and
expressed as follows, where both K; and K are square matrices of dimension 6 and i is the
mount index:

n n K.BT
K= ¢ S 11
&5= 4 [K BI)" BiKgiB?} (1

Using equation (2) and (11) we can construct the governing equations of the LTI system
in matrix form as follows where only small oscillations are assumed in addition to linear
system parameters:

Mq(r) + C4(1) + Kq(r) = £(0), (12)

where f is the external force vector and C is the viscous damping matrix assuming
a proportionally damped system. Note that the mean load and torque terms are deleted
and hence the generalized vector q represents perturbations about the static equilibrium.
Mean rotation is ignored as well. Structural damping may also be included by replacing
Cq(t) by iHq(t), where i=./ — 1, but this formulation is valid in the frequency
domain only.

5. TORQUE ROLL AXIS DECOUPLING AXIOMS

Geck and Patton [5] have stated the following two axioms and provided the necessary
mathematical proofs regarding the TRA mode decoupling, by assuming the powertrain
mounting system is given an undamped LTI system formulation. These are rephrased using
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our notation. Refer to Appendix B for a more mathematical definition of the TRA direction

qrRA-

1. The torque pulses T(t) will excite one and only one mode if and only if the mode shape of that
mode is a rotation around the torque roll axis.

2. A system has a mode about the torque roll axis if and only if Kqrg 4 is parallel to T where
K is the stiffness matrix for the system, Qg4 is the normalized TRA direction and T is
oscillating torque.

We may conclude from the above statements that if the TRA direction coincides with one of
the natural modes of vibration, i.e., the natural mode of vibration is solely a rigid-body
rotation, then the response will be a rotation around the TRA regardless of the excitation
frequency. Note that the response has a constant direction since the TRA depends only on
the time-invariant inertial properties and the direction of the applied torque which also has
a fixed direction. The following two questions may be raised in criticism to the above
because one may question if the TRA mode decoupling is the only method of obtaining
a constant directional response.

(a) If the response to a torque has a constant rotational direction, should it be a rotation
around the TRA?
(b) If the response to a torque is a pure rotation around the TRA, should it belong to one
of the natural modes of vibration?
To answer the above, we propose a new axiom, designated below as 3.

3. If a rigid-body system excited by a force (torque or moment) with a constant direction
responds in a constant translational (rotational) direction and varies only with the excitation
frequency, then that response must be one of the natural modes of vibration.

The proof of axiom 3 is given next. Assume, without loss of generality, that a powertrain
mounting system is linear and undamped. Also assume that system matrices of dimension
N are positive definite, and that excitation is harmonic at frequency w. Distinct natural
frequencies (w,) and eigenvectors (u,) are also assumed here, where r is the modal index.
Define harmonic force f(t) = a(w)f,e' and response q(t) = b(w)q,e'®* vectors where a and
b are spectrally varying scalar functions, and f, and q, are frequency-invariant amplitude
vectors. By using the modal expansion theorem, the response is as expressed.

N

b(w)q, = ) clo)u,, (13)

r=1

where ¢, is scalar and a function of w and it may be called the modal participation factor.
Since all eigenvectors are linearly independent of each other, they form a basis for the real
vector space of dimension N. Hence q, is expressed as

N
q. = z drurs (14)
r=1

where d, is a scalar constant. Since the response is non-trivial, at least one of the scalar
coefficients in equation (14) should not be zero. Assume that d; # 0. Substituting equation
(14) into equation (13) and rearranging, obtain

0 = (ci(@) —dib(@)uy + -+ + (cr(w) — d:b(@)u, + -+ + (ex(@) — dyb(w))uy. (15)



ENGINE ROLL AXIS 93

Since the u,’s are independent of each other, ¢,(w) equals to d,b(w), where b(w) equals to
cj(w)/d; from the jth term. Hence d, (r =1, ..., N; r # j) is expressed as

(16)

The relationship (16) should be valid at all frequencies. Choose a case when the excitation
o approaches the jth natural frequency w;,

lim d, = lim [d C’(w)] - 0. (17)

/ ¢j(w)

- o; = wj

Therefore, we can conclude that all d,’s are zero unless r = j, meaning that f, is parallel to
u; and it is also one of the natural modes. This completes the proof.

The axiom 3 can now answer the two questions that were posed previously. For question
(a), when the constant direction of the response becomes a natural mode of the system by
axiom 3, then it should be a rotation around the TRA per axiom 1. Regarding question (b),
since the response is a rotation around the TRA, it has a constant direction. Hence it should
belong to the natural modes by axiom 3. Therefore, the TRA mode decoupling is the only
way to achieve a constant directional response. A complete dynamic decoupling of the TRA
mode depends solely now on whether a natural mode can be forced to be in the TRA
direction or not. In general, a constant directional response may be obtained for any
arbitrary force input with a constant direction. For example, if a dynamic force is vertically
applied at C,, there exists an axis along which the response occurs as a free rigid body.
Similar to the TRA mode decoupling, a complete or partial decoupling of other physical
modes may also be obtained; this goal is left for future research.

6. DYNAMIC DECOUPLING METHOD

6.1. ANALYTICAL FORMULATION

A more general mathematical condition for a complete decoupling can be obtained in the
TRA co-ordinate system where TRA is one of the axes. Define a transformation from
co-ordinate system I, to co-ordinate system Iyg,. Start with the following undamped
equations of motion for a powertrain mounting system:

Mq(1) + Kq(1) = £(2), (18)

where M is defined by equation (2) and K by equation (11). Define the following relationship
where a is a normalizing constant for the first column of matrix:

Jll J12 J13 Ixx _Ixy _Ixz -1
J =d J21 J22 J23 = - Ixy Iyy - Iyz . (19)
J31 J32 J33 - Ixz - Iyz Izz

Assume that a harmonic torque is applied about the x-axis. Using equations (B2) and (B3),
the TRA direction is defined as

Qrra =[0 0 0 Ji1 Jpy J31:|T~ (20)
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Formulate a new co-ordinate system where the x" direction is parallel to qrx 4 and the origin
is located on the center of gravity C, of the powertrain. The directional cosine vector
between x’ and the original co-ordinate system (x, y, z) is obtained as

[Vyx Uxry Uyl = [Ji1 Jo1 Sl (21)

The directional cosine vectors for y’ and z’ directions may be chosen arbitrary as long as the
following equation is valid and the resulting transformation matrix is orthonormal. Any
orthonormal vectors lying on the following plane that is defined in I}, can be used as the
directional cosine vectors for them:

J11X+J21y+J3lZ=0. (22)
Similarly, the directional cosine vectors for " and z’ may be defined as

[Uz’xO Uz’yO Uz’zO:l
|[vz’x0 Uz’yO Uz’zO]"

[Uy’xO Uy’yO Uy’zO] .
|[vy’x0 Uy’yO vy'zO:ll,

[Uy'x vy'y vy’z] = [Uz’x Uz’y Uz'z] = (23)

where vyy0, Uyz0, and v,.,o may assume any arbitrary values and

-1
. J210yy0 + J310yz0 | Uzxo B Jin I J31 24
Uy’xO - 7 5 - = Uzzo- ( )
11 Uzryo Uyx Uyy Uyz

Designate this as the orthonormal transformation matrix R, ,:

g = |Uyx Uyy Uyz|s (25)

where the entire row vectors are defined by equations (21) and (23). Define the
transformation matrix, I, , of dimension 6 as

Ry, O
ng,g=[ o mg,g]' (26)

The undamped governing equation of motion in the TRA co-ordinate system is
defined as

Mq'(1) + K'q'(1) = (1), (27)
M =11, MIT} ,, K =1L KIT} . f =11, f (28)

6.2. CONDITIONS FOR DECOUPLING THE TORQUE ROLL AXIS MODE

All equations in this section are defined in the TRA co-ordinate system (x', ', z').
However, the superscript used to denote the TRA coordinate system is dropped here for the
sake of convenience. To achieve a complete decoupling of the TRA mode from other
physical modes, the TRA direction q7z4 = [0 0 0 1 0 0] should be one of natural modes.
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In other words, the Kqrgrs = AMqrr4 relationship should be satisfied where /4 is the
eigenvalue. Expressed in detail,

n n n

Z (kxziayi - kxyiazi) = Oa Z (kyziayi - kyyiazi) = 07 Z (kzziayi - kyziazi) = 07 (293—0)
i=1 i=1 i=1
Z (kyyiafi + kzziagi - 2kyziayiazi) = )"Ixxa (29d)

i=1

M=

2
(kxziayizzi + kyziaxiazi - kzziaxiayi - kxyiazi) = - ilxy? (298)
1

i

Z (kxyiayiazi + kyziaxiayi - kyyiaxiazi - kxzia)%i) = - }Jxr (29f)

i=1

These equations represent the conditions for a complete decoupling of the TRA mode. Since
in equations are available, up to six mounting parameters may be adjusted. For example,
one may vary three stiffness ratios and three orientation angles or even six location
parameters while holding other parameters as constants.

7. ANALYTICAL SOLUTIONS FOR SIMPLIFIED MOUNTING SYSTEMS

Consider several simplified mounting systems, which are devised to obtain closed-form
solutions to equation (29). Analytical results should reveal an understanding of the effect of
mounting parameters, while providing a starting point for the dynamic design. The
traditional mount-positioning scheme, as shown in Figure 5, is examined.

7.1. FOUR-POINT MOUNTING SYSTEM

A four-point simplified mounting system is shown in Figures 6 and 7. Note that the
inertial system is not simplified here. Instead, the only simplification made here is to restrict
the mounting orientations such that the compressive principal stiffness direction and one
shear stiffness direction from each mount lie in the so-called mounting planes, which are
parallel to the y-z plane. The TRA co-ordinate system is adopted and the proposed
decoupling conditions will be employed. The origin of [; in the mounting plane is specified
in the two-dimensional mounting co-ordinate system I,,;. The origin of I, is located at
point P, whose co-ordinates are (p.;, Pyi, P-i) in I'trq. TWo system design parameters are
orientation angle ¢; and mounting distance s;; these are in I},;. Assume that all four mounts
are elastically identical, all orientation angles are equal to ¢ and the two mounting planes
are located from C, by the same distance a,. Since two principal stiffness directions are
parallel to the y—z plane, two cross-axis stiffness values, k., and k,,, of each mount are zero;
this assumption eliminates equation (29a). Define the relationship

k, = k,sin* ¢ + k,cos*¢p, k. =k,cos* ¢ + k,sin*¢p,  k,. = (k, — k,)sin ¢ cos ¢.
(30a—c)
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Now express stiffnesses of each mount as

kyyl = kyyZ = kny = kyy4 = ky: kzzl = kzzZ = kzz3 = kzz4 = kza

kyzl = - kyzZ = kyz3 = — kyz4 = kyz-

Mount locations are defined as

@y1 = Py1 — S1COS P, ayy = Pyr + 52€08¢h, day3 = p,3 — 53COS P,

ay4 = py4 + 54 COS ¢9 a1 = Pz1 + S1 SIn d)a azz = PDz2 + S, SIn QS,

A3 = P.3 + 538IN¢, g = poa + Sa8in .

97

(31a—c)

(32a-h)

Substituting equations (31) and (32) into equations (29b-d, ), and solving for s;, one obtain

1 1
S1 = TM {kyz(pyl - pyZ) - (pzl + pZZ)} + o 2N {kZ(pyl + py2)
A (L I
— ky(p21 — Pzz)} +— 4a (N - Ny>
1 2
2 = 5 1k (Dy1 — Py2) — ky(pz1 + P22)} — : {kz(py1 + py2)
2N, VR B oN, VR T
Al I
— kyz (P21 — P2)} — E(ﬁl + ﬁi)
1 1
S3 :m{kyz(pyS _py4)_ (p23 +pz4)} 2N {kZ(py3 +py4)
A (I, I
— kyz(pz3 — Pza } + (N Ny>
1 2

1 1
54 = N, {ky=(pys = Pya) — ky(Pz3 + pa)} + N, {k-(pys + pya)

A Ixz Ix
- kyz(pZS - pz4)} 4a <N1 + N;)

where

(33a-d)

Ny =ky,cos¢ +k,sing =k,sing, N, =k,,sin¢ + k.cos¢$ = k,cos¢. (33e,f)

A similar but rather lengthy expression is obtained from equation (29¢)

Al
ky

= = (s7 + 53 + 83+ 53) + 2(po1Sy + PoaSa + 4 Pa3Sz 4 Peass)sing

— 2(py1S1 — Py2S2 + Py3S3 — DyaSs)COS P + (p?1 + p2 + pZ3 + pZy)sin® ¢
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+ (p)%l + p}2'2 + p)213 + p34)COSZ d) - 2(p§1pzl - py2pzZ + py3pz3 - py4pz4)Sin (]5 COS (]5
1 .
+ 721 + P2 + pZs + p2a)cos® ¢ + (s + pia + pis + pra)sin®o

+ 2(Py1P=1 — PyaPz2 + Py3Pz3 — PyaDz4)Sin ¢ cos ¢} (34)

Equations (33) and (34) are rather cumbersome to analyze. Therefore, consider two special
cases to get more tractable closed-form solutions.

7.2. SYMMETRIC INERTIAL SYSTEM

Because of the physical symmetry of the powertrain, I, and I, of equation (2) are zero.
Choose the origins of the mounting co-ordinates such that p,, = —p,=
Pys=—Dya=—Yo<0andp,; = p.» = p.3 = p.3 = P.3 — Zo < 0. Equation (33) is reduced
as follows, where L = k,/k, is the stiffness or rate ratio:

cos ¢

S{ =8y =83 =584 = 59 = (z9S8IiN ¢ — yocos ¢) + (zocotd + yo). (35)

Insert the above into equation (34) and obtain the following natural frequency for the
decoupled TRA mode:

Jvo = 0% (zocos ¢ cotd + yocos @) + L(zocos ¢ + yosin ¢)?}. (36)

—_ P g
Lt

Combine equations (35) and (36) to yield the following results; this matches with the
expression of reference [7]:

1 2
Ao = Wyo =

4k {(Yo + 50 008 )’ } 7

I, |+sin?¢ + cos? ¢

7.3. ASYMMETRIC INERTIAL SYSTEM

Again, choose the origins of the mounting co-ordinates such that
P:1=DP2=D:3=P3= —20<0, Pyi=Dy3 Py2=Dya> Py1 —Py2=Dy3 —Pya= —2Y0 <0,
and py; + py2 = Py3 + Pya = 24y,. Due to the asymmetric nature, the s;’s are obtained as

cos ¢
L

So = (zoSIn ¢ — yocos ) + (zocotd + yo), sy =80 + S5+ 5. — 5,

S> :SO_Sg+SIX;+SIXya S3 :SO +Sg_S[n+SIXy, S4:S0—Sg—st;—SI 5

xy

AL AL,

= Mw g - Mw Ggah
4a.k,sin ¢’ = 4a.k,cos ¢ (38a-h)

1
5o = Ay <cosq§ + Zsind)tan (,b), Sr..



ENGINE ROLL AXIS 99

Here, we may interpret s, as a “correction factor” to s, due to a change in the C, location
along the y direction; s;_ is due to the coupling moment of inertia I,., and s;_ is due to I,.
Using equation (38), the effect of asymmetry in achieving the TRA mode decoupling may be
determined. When combined with equation (34), some mounting parameters for a complete
decoupling may be obtained. Substituting equation (38) into equation (34), one obtains
a second order polynomial of 2 = w}. The solution is

2k az Sill2 (]5 I, 1

2 P Xy Xz
w? = 1+ /1_D, Yy =—, 7. -,
]xx (V? '))3 ta112¢)( ) ))y 1 /

4 72 75\ [(zo cos @ cot ¢ + yocos @) + L(zocos ¢ + y,sin ¢)?
a2l \sin?¢p  cos’¢p ) | + Ay?*sin®p(tan’p + L) -

D
(39a—d)

From equation (39) one can determine whether a complete decoupling exists or not for a given
mounting configuration; it is given by

D<1 (40)

The parametric study based on equation (40) will be discussed in section 9 where two
numerical examples are presented that will confirm the closed-form solutions.

8. ELASTIC AXIS DECOUPLING AND FOCALIZATION METHODS

To achieve a decoupled powertrain system, the mounting system should be adjusted such
that the elastic center C, exists within the powertrain body. After statically adjusting the
mounting system, one may try matching I, to I,. The mathematical interpretation of the
elastic axis decoupling method is described next. When equation (12) is derived in I',, the mass
matrix M becomes diagonal. Elastic axis decoupling is now achieved by diagonalizing the
stiffness matrix K in I, through the proper selection of mount locations, orientations, and
stiffness rates. The 15 off-diagonal terms of K must vanish. However, for a three-dimensional
rigid-body system supported by 3 or 4 mounts, the complete dynamic decoupling of mounts is
virtually impossible to achieve [11]. Therefore, only the partial decoupling is possible based
on the focalization method [2, 7, 10]. It is presented in this paper and it will be compared with
the proposed dynamic decoupling method. When a rigid body has a two plane symmetry or
when it is represented in I,, the cross-moments of inertia (I, I,., and I,.) vanish. Partial
decoupling of physical modes, w,, w., and 0, may be achieved by placing four identical
mounts in a symmetrical manner as shown in Figure 8 [7]. The physical projection of the
elastic center of inclined mounts in the y-z plane onto the x-axis is mathematically achieved
by forcing the element K,, of K (derived in I}, and given by equation (11)) to be zero. This
leads to the relationship between the mount location parameter (a, and a.) and orientation
angle (¢) and stiffness rates (k, and L = k, /k,):

%:(L—l)tanrb 1)
a, Ltan*¢ +1

Equation (41) is graphically shown in Figure 9; it matches the results given in reference [2].
For a given stiffness ratio L, a./a, should not exceed the following maximum value in order to
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Figure 9. Design map for a symmetrical mounting system based on the focalization method. Key: —, L = 2;

—, L=4;-- L=28.

ensure the decoupling of elastic axis:

a, L—1 (1
<a—y>max = —2 \/Z at ¢ =tan <ﬁ> (42)
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The natural frequency of the decoupled natural roll mode along 0, is given by equation (37).
Note that y, + socos ¢ in equation (37) corresponds to a, in Figure 8. This focalization
method may also be applied to an asymmetrical inertial system in I, provided cross-moments
of inertia are small compared to I,.. Examples of the next section will illustrate the
focalization method using both I, and I, co-ordinate systems. Complete elastic axis
decoupling of powertrain mounting system will also be attempted by minimizing the off-
diagonal terms of stiffness matrix that is defined in the I', co-ordinates.

9. EXAMPLES AND RESULTS

9.1. CONFIRMATION OF CLOSED-FORM SOLUTION: EXAMPLES I AND II

Two numerical examples for the mount-positioning scheme of Figure 5 are chosen to
confirm the utility of the proposed method. System parameters are given in Table 1(a). From
Table 1(b) observe that the proposed TRA mode decoupling approach works well as shown
by the calculated eigenvector uyg 4 for both examples. In particular, examine the displacement
spectra for Example II there are shown in Figures 10-12. Only a dynamic range of 100 dB is
shown in the spectra. The harmonic torque excitation T(t) is parallel to the crankshaft axis
and its amplitude is 100 N m over the range of frequencies. Directions of dynamic responses
(W, Wy, W;, Oy, 0y, and 0,) are defined in the rigid-body inertial co-ordinate system (I;) for
Figure 10, in the principal inertial co-ordinate system (I,) for Figure 11, and in the TRA
co-ordinate system (I'rg4) for Figure 12. While the original mounting system and the elastic

TABLE 1

Examples I and 1I: simplified powertrain mounting systems
(a) System parameters

Mass Example I Example 11
m = 505 kg m="732kg
Moment of inertia
(kg m?) 1-65 1194 —0129 —0415
243 I,=| —0129 343 0-073
2-54 — 0415 0-073 339
Mount stiffness rates =84 x10°N/m; L = 2-5 k,=84x10°N/m; L =25
Mount orientation =30° ¢ =30°
(b) Results
Example frra (@yis ay;, a,;) mm, i = mount index
Hz
i=1 i=2 i=3 i=4
I 383 (318, —198, —93-4) (318, 198, —934) (—318, —198, —93-4) (— 318, 198, —93-4)
11 29-8 (251, —173, —62:7) (251, 182, —71:0) (—251, —146, —78:3) (—251, 144, —93-0)
Example U4
I [46x10718 —93x10717 86x1071° 1-0 —7-6x107 1  46x10716]T

II [28x107'7 —1-0x107'7 86x1071° 10 —2:6x107'°¢ —6:1x1071¢]"
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Figure 10. Displacement magnitude spectra of an asymmetric inertial system (Example II). These are for the
original mounting system in I. (a) [wxl, (b) [w,l, (¢) Iwdl, (d) 101, (e) 10, (£) 10-].
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Figure 11. Displacement magnitude spectra of an asymmetric inertial system (Example II). These are for the
elastic axis mounting system in I, (focalized by partially decoupling). (a) [wy[, (b) [wyl, (c) [w.|, (d) |04, (e) |0,], () |0-].
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Figure 12. Displacement magnitude spectra of an asymmetric inertial system (Example II). These are for the
TRA mode-decoupled mounting system in I'rgy. (a) [wyl, (b) [wyl, () [w.l, (d) [0x], (&) |0y], (f) 10-].

axis mounting strategy produce non-negligible responses in several directions, the
proposed method shows a true decoupling of the TRA mode, which is parallel to the
x-axis in Ipg,. These examples confirm the utility of the new axiom and the closed-form
solution.

9.2. PARAMETRIC STUDIES: EXAMPLE II

The results of a typical parametric study are shown in Figure 13. Three parameters
have been selected to illustrate the design concepts: orientation angle ¢, stiffness ratio
L = k,/k,, and principal compressive stiffness value k,. Their effects are quantified in
terms of the natural frequency of the decoupled TRA mode frgr4. All parameters and
results are non-dimensionalized by using the values of Example II (given Tables 1) as
reference (ref):

L k

d)ref’

_ JrRa

Lref’

L* > 43)

kp.ref

9% =

Jrra =
R4 fTRA.ref’

Design guidelines are clearly depicted in Figure 13. For example, when fz, is decreased
further to provide improved vibration isolation at lower speeds including the idling condition,
one needs to reduce ¢ and L since they are almost inversely proportional to frz4. Even though
the results of Figure 11 are generated by varying one parameter at a time, two parameters
may be simultaneously changed producing a 3-D design map, which will be very helpful
especially in the early stages of design.
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Figure 13. Effect of design parameters on the decoupled TRA mode natural frequency (Example II).

TABLE 2
Example 11I: original mounting system of V-6 diesel
engine [9]
Mass Moment of inertia (kg m?)
m = 27670 kg 1164 —08 32
=] —08 158 09
32 09 1569
Mount # Stiffness (N/m)
Compression, k, Lateral, k, Fore-aft, k,
1 223667 44733 44733
2 170167 126 050 48619
3 217167 434334 108 583
4 232167 464334 116083
Mount # Mount orientation (deg)
Dx Dy (2=
1 0 —45 0
2 0 -39 180
3 0 -5 0
4 0 —45 180

9.3. COMPARISON WITH LITERATURE: EXAMPLE IIT

The next example Example III considers the mounting parameters for a V-6 diesel engine
as listed in Table 2. This case was considered by Spiekermann et al. [9]. They had simulated
the engine mounting system and its was validated by comparing predictions with a modal
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TABLE 3

Modal analysis of Example 111
(a) Natural frequencies

Natural mode 1st 2nd 3rd 4th S5th 6th
Computer Our method 4-473 5971 7479 9872 12266 16452
Simulation Spiekermann et al. [9] 447 597 7-48 9-87 1226 1646
Experiment [9] 417 5-66 6-47 876 12:47 N/A

(b) Natural mode shapes from computer simulation

Natural mode Ist 2nd 3rd 4th 5th 6th
X Our method 0-300 0-107 0-057 — 0018 —0117 —0178
Spiekermann et al. 0-300 0-107 0-058 —0-108 — 0117 —0180
y Our method 0-081 — 0414 0-134 0-094 — 0077 0-018
Spiekermann et al. 0-080 — 0414 0-137 0-093 —0-078 0-018
z Our method — 0029 0-049 1-000 — 0-004 0-029 —0-005
Spiekermann et al. — 0029 0-050 1-000 — 0-004 0029 —0-005
0.  Our method — 0163 1-000 0-012 1-000 — 0-706 0-490
Spiekermann et al.  — 0-163 1-000 0-015 1-000 — 0-708 0-491
0,  Our method 1-000 0-220 0-019 0-133 0-607 1-000
Spiekermann et al. 1-000 0-220 0-021 0-134 0-609 1-000
0.  Our method — 0019 — 0194 — 0244 0-391 1-000 — 0984
Spiekermann et al. — 0019 — 0195 — 0243 0-392 1-000  —0-987

experiment; key results are shown in Table 3. Our method is compared with prior modal
solutions in Table 3. Here the amplitude of the pulsating torque is 200 N m.

9.4. COMPARATIVE EVALUATION OF MOUNTING METHODS: EXAMPLES IIT AND IV

Figures 14 and 15 compares the displacement spectra corresponding to the original engine
mounting, the optimized design of Spiekermann et al. [9], and the focalized mounting
concept; relevant parameters of Example I1I are listed in Tables 2 and 4. All mounting system
designs are described in I,. Since the main objective in the earlier optimization [9] was to
ensure that the rigid-body vibration modes do not fall within the undesirable frequency band,
they could not decouple the physical modes. In contrast, the focalized engine mounting
concept (as presented in this article) decouples the physical modes between 0, w,, and w,.
However, this particular method still does not decouple other physical modes. Even the
elastic axis decoupling method (focalization in I, via partial elastic axis decoupling) produces
non-negligible responses in w,, 0,, and 0, as shown in Figure 16. Both focalizations produce
the same degree of decoupling. While the focalization in I', has only one peak in the physical
roll mode, the one in I, has two peaks. However, if one considers the mount locations of
Figures 18 and 19, one may conclude that a simple focalization in I is more feasible than the
one in [,. Figure 17 confirms that only the TRA mode decoupling achieves a complete
decoupling of physical modes.

Consider the final example (Example V) based on the minimization of the off-diagonal
terms of stiffness matrix in I', to achieve a complete elastic axis decoupling using the MATLAB
based algorithm [16]. Initial values for the minimization are taken from Example III;
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Figure 14. Comparison of translational displacement magnitude spectra between three different engine
mounting schemes (Example I1I). Key: —, original mounting system [9]; —-, optimized mounting system [9];
—, focalized mounting system in I}. (a) [w,], (b) [wy|, (c) [w_].
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Figure 15. Comparison of rotational displacement magnitude spectra between three different engine mounting
schemes (Example I1II). Key: —, original mounting system [9]; — -, optimized mounting system [97]; —, focalized
mounting system in I}. (a) [0,], (b) 0,], (c) |0.|.
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TABLE 4
Comparison of TRA decoupling methods for Example 111

Parameters Focalization in I Focalization in I, TRA decoupling in
FTRA

Mount stiffness rates  k, = 2-5x 10° N/m k, =2:5x10° N/m k,=2:5x10° N/m

L=25 L=25 L=25
Mount orientation ¢ =45° ¢ =45° ¢ = 55°
10 T 10
(b) ; ©
_10 _ ......... —10 e e
g _30 -—1 ......... _30 e
o Z
e _50 _ ........ _50 e
o :
=70 _ ......... B {1 3 T
~90 ' ' -0 : ~90
10 20 30 0 10 20 30 0 10 20 30

dBre 1 deg

1020 30 0 10 20 30 0 10 20 30
Frequency, Hz Frequency, Hz Frequency, Hz

Figure 16. Displacement magnitude spectra of the focalized (partial elastic axis decoupling) engine mounting
system in I}, for Example IIL (a) [wl, (b) [w,l, (c) [, (d) [0, (¢) 16,], (£) 10-].

the mount locations in the original mounting system, the mount orientations and stiffness
rates in the focalized mounting system. Results are shown in Table 5. Note that the
orientation angle is defined by the Eulerian angles ¢,; [17]. Based on the minimized stiffness
matrix of Table 5(b), the calculated mode shapes, as shown in Table 5(c), show a virtually
decoupled mounting system using the elastic axis mounting method. Finite responses along
0, and 0., as shown in Figure 20, are due to the projected torque components (of T,(¢) in I})
around the y- and z-axis in I,,. Mount locations of Example IV are shown in Figure 21; note
that significant changes in the locations are necessary to decouple the powertrain.

10. CONCLUSION

A new axiom for the TRA mode decoupling has been suggested and the necessary
mathematical conditions have been established. Computer simulations confirm the findings
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Figure 17. Displacement magnitude spectra of the TRA decoupled engine mount system in I'rg 4 for Example
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focalized mounting in I;. The origin is at C,. Also compare this sketch with Figure 19.
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TABLE 5
Example 1V: elastic axis decoupling by minimizing the off-diagonal terms of stiffness matrix
in T,
(a) Stiffness rates and orientation angles
Mount # Stiffness (N/m)
Compression, k, Lateral, k, Fore-aft, k,
1 426870 207470 147790
2 347590 182370 114400
3 224710 265710 126250
4 314550 159470 140860
Mount # Mount orientation: Euler angles (deg.)
¢u1 d)uZ ¢u3
1 162-8 — 1179 40-92
2 — 1416 — 1277 — 4520
3 90-65 — 5235 — 1601
4 — 1440 — 60-24 — 2:669

(b) Stiffness matrix

(711 126x107° —497x1077 —232x1077 —189x10™°  350x107°|
932 160x107¢  104x1075 —141x1075 —244x10°°
102 —502x107° —621x1077  2:46x 1077
K= % 105N/m
687 —810x 1077 —764x107°°
0456 132%1073
i 0912

(c) Natural frequencies and mode shapes

Natural 1st 2nd 3rd 4th 5th 6th
mode 8:07 Hz 852 Hz 9-24 Hz 9-64 Hz 11-5 Hz 13-4 Hz

X 1-0000 —23%x1073 57x1077 —1:6x1077 48x1077 —19x10°8
y —57x1077 1:0x10°8 1-0000 19%x107° —48x1077 1:0x10°°
z 1:6x1077 28x1077 —19x10°° 1-0000 58x107% —53x1077
0, 53x1077 20x107% —29x107° 1:5%x10°3 41x1073 1-0000

0, 40x 104 1-:0000 —1:8x1077 —49x10~° 36x1075 —12x107°
0, —76x107% —32x107° 76x107% —92x1077 1-0000 —23x1073

and demonstrate that only the TRA mode decoupled engine mounting scheme provides
a complete decoupling of physical modes. When a powertrain has small cross-moment of
inertia terms compared with the diagonal terms, the focalization in I is found to be better
than the one in I,. Based on the results of this paper, key features of the competing
mounting methods, and characteristics of mounting methods are summarized in Table 6.
When compared with the original mounting locations, the TRA-mounting scheme and the
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Figure 19. Location of mounts in I} for Example III. O, original mounting; <, focalized mounting in I},;
A , TRA decoupled in I'yg 4. The origin is at C,. Also compare this sketch with Figure 18.
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Figure 20. Displacement magnitude spectra of the minimized elastic axis engine mounting system in I, for
Example IV. (a) [wyl, (b) [wyl, (¢) [w:I, (d) 10, (¢) 10,, (F) 10:1.

minimized elastic-axis-mounting scheme show a significant change in the locations of
mounts # 1 and #2. Also recall from the closed-form solution developed for a simplified
mounting scheme, the restriction p,;, i = 1-4, to be — z,. Such a restriction may cause one
pair of mounts to be located rather too high compared with the original mount positions. In
general, an optimization algorithm is needed to restrict the location and the orientation of
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Figure 21. Location of mounts in I, for Example IV. O, original mounting; x ; minimized elastic axis mounting

in [,.

TABLE 6

Comparison of TRA decoupling methods

Focalization method

Partial elastic axis
decoupling method

TRA decoupling
method

Co-ordinate system
to be chosen

Applicable to

I, (rigid-body inertial)

Symmetric system or
almost symmetric
system

Diagonal or almost
diagonal

Damping Proportional damping

Stiffness Diagonal except the

Equations Mass
of motions matrix
matrix
matrix
Concept

Dynamic response

coupling term
between w, and 0,

Place the elastic
center of inclined
mounts on the roll
axis assuming that
the rigid-body system
has two planes of
symmetry

When the powertrain
has negligible cross
moment of inertia,

it decouples physical
modes between

wy, w,, and 0,

I, (principal inertial)

Asymmetric system

Diagonal
Proportional damping

Diagonal except the
coupling term between
w, and 0,

Place the elastic center
of inclined mount on
the roll axis. Or mini-
mize the off-diagonal
terms of stiffness
matrix

Decouples physical
modes between wy,
w,, and 0,.

I'rr4 axes)

Asymmetric system

Non-diagonal

Proportional damping

Non-diagonal

Force the total mount
reaction forces to cancel
out and induce the total
mount reaction moment
to be parallel to the
excitation torque. Hence
produce pure rotation
only about the TRA axis

The TRA mode is
completely decoupled
with other physical
modes.
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mounts and to ensure that the natural frequencies of the engine rigid-body modes lie within
the desirable band while maintaining the decoupled TRA mode. This work is beyond the
scope of this paper.

Future study may also include modifications to the closed-form solutions, which should
remove some of the constraints in selecting the origins of mounting co-ordinates. In addition,
the effect of frequency- and amplitude-dependent mount properties, and the influence of
compliant body/chassis on the mounting system should be considered [1, 3, 14, 15].
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APPENDIX A: DEFINITION OF THE DIRECTION

To define the TRA direction, consider the Euler’s equations of motion when a harmonic
torque T, (t) = T, is applied about the x-axis:

M,b,(t) + 6,() ® My0,(1) = [T, 0 0]7e', (A1)
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where M, is defined in equation (2), ® is the vector product, and 0, is defined in equation (1).
Since the rotational displacements are assumed to be small, the term 6, ® M, is negligible.
Hence the response 0,(f), which is the rotation about the TRA, will be
— M, [T, 0 0]%e!/w?. This results in the unique TRA direction 0, as follows:

Orrq = aM(;l [10 0]T> (A2)

where a is normalizing constant for the first column of My '. One can define the TRA
direction in the I, co-ordinate system by using equation (A2) as

qrr4a=[000 9¥'RA]T3 (A3)

For an arbitrary torque T(f) = T,e'” = [0 0 0 T, T, T.,]"¢'®", the TRA direction qrg 4 is
obtained as follows where b is a suitable normalizing constant:

qrra = bM™'T,. (A4)

APPENDIX B: NOMENCLATURE

a, b, c,d arbitrary scalar constant or coefficient

Ay, Ay, d; distance of mount from C, in x, y, and z directions
Qyis Ayiy O co-ordinates of the ith mounting point

a(w), b(w), c(w) spectral functions

B rotation matrix for the cross-vector product
C viscous damping matrix

C, center of gravity

Sfrra natural frequency of the TRA mode

f external force vector

H structural damping matrix

1 J —1

1 moment of inertia

I identity matrix

J matrix element of J

J inverse of moment of inertia matrix

k stiffness

ky, ky, Ky principal stiffnesses

k, torsional stiffness

K stiffness matrix

L stiffness ratio (k,/k,)

m mass

M inertia matrix

N dimension of a dynamic system

T characteristic dimension of mount

r position vector in the geometric co-ordinates
R reaction force vector

P; origin of I,;

(Pyis Py, Poy) co-ordinates of P; in I'rgry4

q generalized displacement vector

qrr4 torque roll axis vector

t time

T torque amplitude

T torque vector

u eigenvector of dimension N

w translational displacement

w translational displacement vector of dimension 3
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X, ),z

x” y” Z’
Xes ye’ ZE
Xps> Yp> Zp
Xsis ysh Zsi
Si> ¢i

SIS

~

si

FTRA

=<8®Q:£>J

Subscripts
a
e

g

i=1,2,3,4
jr=12,...,N
p

b, 4T

si

ui

w

TRA

X, ),z

Superscripts
T

Operators
diag

T. JEONG AND R. SINGH

geometric co-ordinates in I, or I'rgy

geometric co-ordinates in I'pg,

geometric co-ordinates in I,

geometric co-ordinates in I,

geometric co-ordinates in [;

geometric co-ordinate in I,;

principal elastic axis co-ordinate system
rigid-body inertial co-ordinate system with origin at C,
mounting co-ordinate system for the ith mount
principal inertial co-ordinate system

principal elastic co-ordinate system of the ith mount
torque roll axis co-ordinate system

orientation angle of mount

ith Eulerian angle

eigenvalue

rotational transformation matrix

rotational displacement

rotational displacement vector of dimension 3
frequency, rad/s

directional cosine

transformation matrix

amplitude

I, co-ordinate system

I, co-ordinate system

mount index

modal indices

I, co-ordinate system

principal stiffness directions

I;; co-ordinate system for the ith mount
ith Eulerian angle

translational direction

torque roll axis direction or (I'rg4)
Cartesian co-ordinates

rotational direction

transpose

diagonal matrix
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