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Abstract

Strict global regulations and initiatives like Paris Agreement 2015 for achiev-
ing low carbon dioxide emission via energy efficiency nowadays have already
made the electrification of hydraulic working machines and manipulators
an actual topic, invested heavily into. During the first wave, diesel engine
powered vehicles are being replaced with more-electric or all-electric bat-
tery electric vehicles (BEVs). Electrification is an emerging topic, and, for
example, Doosan Bobcat has recently introduced an all-electric T7X model
where diesel power is entirely replaced with BEV technology. Hydraulic
linear actuators for the bucketare replaced with electromechanical linear ac-
tuators (EMLA) by Moog, and the main drive motors are also electric. These
modern trends also require the development and broadening of the underlying
structural and dynamics analysis when electric actuators are used instead of
hydraulic ones. From the control perspective, natural frequencies provide in-
sight into the manipulator dynamics and achievable performance depending
on the current working point. Elastodynamic performance, which directly
relates to the manipulator stiffness, is one of the most important performance
indicators, especially when considering manipulator positioning. Methods for
calculating manipulator natural frequencies are well known in the case of
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hydraulic manipulators, where the effect of hydraulic fluid compressibility
(causing spring effect) has been studied in detail. This paper, among oth-
ers, provides means for calculating natural frequencies of oscillation in an
electrified EMLA-driven manipulator, and expression for the equivalent of
hydraulic spring behaviour is given. The natural frequencies are compared
between the two manipulator versions, of which the hydraulic already exists,
and the electric one is in the design process. In addition, the applicability
of EMLAs is discussed with respect to current mobile hydraulic working
machine requirements.

1 Introduction

In the process of manipulator design, the choice of physical properties, like
manipulator lengths and masses, is usually a solution to some mechanism
optimisation problem. Each optimisation problem contains a relevant cost
function to be minimised or maximised considering certain kinematic and
dynamic limitations in the process. Since optimal solutions in different opti-
misation tasks may be different in each separate case, it is critical to identify
relevant performance indices and combine them appropriately. Identifying
and choosing pertinent performance indices may not be an easy task since
these can be conflicting. For example, decreasing the manipulator’s inertia
will decrease the stiffness of the manipulator; thus, inertia minimisation and
stiffness maximisation are contradictory goals, among many others available.

Different performance indices proposed over the years cover many dy-
namic behaviour aspects. These can comprehend workspace size, velocity
transmission, inertia, stiffness, and eigenfrequencies [1]. Jacobian matrix,
manipulability, condition number, isotropy, and global conditioning indices
are also to be considered per [2]. In addition, the inertia torque index and
centrifugal torque index can be found as proposed in [3].

Among many available indices, the natural oscillation frequencies are ap-
propriate performance measures that incorporate both kinematic and dynamic
properties, relating directly to mechanical vibrations. The lowest natural os-
cillation frequency can be chosen as a design objective, aiming at minimising
vibrations and avoiding the existence of directions with zero gain [4]. Even
this isolated task per se is not trivial considering that natural frequencies (NF)
change from posture to posture, thus having different values during the ma-
nipulator operation. Because of this, there will undoubtedly exist manipulator
configurations that are more favourable than others from the aspect of induced
vibrations.
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When discussing already available manipulator solutions, it may be in-
triguing to gain insight into the distribution of NFs over the workspace if the
manufacturer does not provide that information. In many cases, particularly
when interacting with the surroundings, manipulator vibrations that affect,
for example, the positioning accuracy or cause tool wear, can be induced. By
having a clear insight into how NFs change over the workspace, unfavourable
manipulator postures can be avoided in the operation process. In this case,
mathematical models in the form of linearized equations of motion can serve
as a handy primary tool for preliminary analysis.

Apart from providing a preliminary insight into the distribution of NFs,
the elastodynamic modelling of manipulators forms a solid basis for the even-
tual parameter identification procedures. Natural oscillation frequencies can
also be directly estimated from experimentally obtained frequency response
plots without any prior analysis. The problem is that they can be determined
experimentally only for selected configurations because verification in the
whole workspace would require an infinite number of experiments. This topic
has been addressed in papers [5] – [7], where measurements have been per-
formed in many different, carefully selected robot configurations. NFs for
a serial, six-degree-of-freedom (DOF) industrial robot with only rotational
joints (6R) have been provided, along with experimental verifications of NFs
using impulse response tests. Impulse responses in carefully chosen postures
have been used in [8], followed by identifying joints’ stiffness and damp-
ing. Elastodynamic modelling and parameter identification have also been
researched in [9] – [10]. In the study [11], NF surfaces showing the distribu-
tion of six NFs are provided with analytic verifications in eight manipulator
poses for a parallel manipulator. Beforehand obtained prediction of the lowest
NF of a hydraulic manipulator, using CAD software, was used in the adap-
tive control algorithm [12]. Minimum natural oscillation frequencies are also
shown to be an essential factor when designing robust linear controllers for
hydraulic manipulators [13]. In mobile manipulators, the manipulator arm’s
minimum NF is important when designing arm controller [14].

The change of actuation means will undoubtedly affect elastodynamics
performance and NF distribution in the manipulator. Ongoing mega-trends in
non-road mobile machinery (NRMM) focus on reducing greenhouse gasses
[15] and bring in front electric and hybrid prime movers. Continuing devel-
opment of hybrid and all-electric solutions for electromechanical actuators
[16] provides a possibility of having capable all-electric NRMM. Many
global competitors have already released all-electric solutions with imminent
heavy investing to follow. In all of these all-electric NRMM solutions, elec-
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tromechanical linear actuators (EMLAs) play an essential role. Their effect
and what the change of actuation paradigm brings, in general, should be
investigated in detail.

The present study compares natural oscillation frequencies in a heavy-
duty manipulator for two considered cases of importance. Analysing the
oscillations caused by the hydraulic oil spring effect and when EMLA is
retrofitted to the same manipulator, this paper provides insight into one of
the governing and widely accepted dynamic performance indices. The pre-
sentation of an EMLA mathematical model is followed by a good overview
of expected achievable manipulator performance if electrification was to
be carried out. Plots showing the distribution of NFs over the workspace
are shown for both cases accompanied with appropriate time responses and
power spectre densities, which validate the carried out analysis.

By tackling the all-present topic of today - electrification of heavy-duty
machinery, this study provides a guide to analysing the effects of electrifica-
tion on the elastodynamic performance of heavy-duty manipulators.

2 Mathematical Modelling

2.1 Preliminaries

All the manipulator links in the following analysis will be considered rigid.
Every rigid body in the analysis will have at least one three-dimensional
coordinate system {A} (called frame {A} in the following text) attached to
it.

Let the linear and angular velocities as would be sensed in frame {A}
be denoted throughout the paper as Av =

(Avx
Avy

Avz
)T ∈ R3×1 and

Aω =
(Aωx

Aωy
Aωz

)T ∈R3×1, respectively. The set of independent gen-
eralized coordinates represents the minimal number of geometric parameters
which can be used to uniquely describe the motion of a mechanical system.
In the following considerations the vector of generalized coordinates will be:

ξ = (ξ1 ξ2 ... ξi ... ξn)
T ∈ Rn×1, (1)

and the corresponding generalized force vector will be:

τ(ξ̇ ,ξ ) =
(

τ1(ξ̇ ,ξ ) ...τi(ξ̇ ,ξ ) ...τn(ξ̇ ,ξ )
)T

∈ Rn×1. (2)
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2.2 Choosing the Modelling Formalism

Different approaches for mathematical modelling of manipulator dynamics
lead to different sets of equations, each having both specific advantages and
downsides. Full-dynamics modelling of serial-parallel manipulators with lit-
tle or no approximations, including the linear actuator masses and accounting
for closed-loop kinematics relations, has been provided using the Lagrange
formalism MC, in the Newton-Euler framework [17] and using Kane’s equa-
tions obtained combining screw theory and the principle of virtual work
[18].

The Lagrange approach based on kinetic and potential energies and the
Newton-Euler approach based on the balance of all the forces acting on a rigid
body is considered the most popular. The Newton-Euler approach is con-
sidered more fundamental and computationally efficient, [19]. With its very
effective, recursive formulation, it enables subsystem-by-subsystem analysis
and thus is indispensable in the VDC framework where the control action
is formed on the subsystem level to guarantee the stability of the whole
system [20]. It is also the most natural approach when reaction forces are
included in the analysis [21]. The RNEA will effectively provide the identical
inverse and direct dynamics calculations results as other methods would, but
it will not lead directly to the most convenient form when performing the
elastodynamic performance assessment. Except in simple cases, there will
be more equations than degrees of freedom with RNEA. A potentially te-
dious procedure of combining equations might be needed when starting from
RNEA to arrive at the manipulator dynamics description in the joint-space
with the number of equations equalling the number of generalised coordi-
nates. Formulating a system of linear equations like this is essential since it
serves as the starting point in the elastodynamics performance analysis. The
Lagrange approach leads directly to the same number of equations as is the
number of generalised coordinates. These equations may be pretty complex,
which is significantly magnified in the presence of the closed kinematic loops
where the expressions for derivatives of the loop-closure function per gener-
alised coordinates will usually introduce additional complexity. Still, their
linearization results give the most direct path to the equations required in the
considered context here, and thus, the dynamics of the manipulator analyzed
here will be modelled using the Lagrange equations of the second kind. In
the presented study, masses of linear actuator in rotational segments will be
neglected when forming equations of motions since it will simplify the anal-
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ysis and not reflect significantly on the elastodynamic performance analysis
for the considered manipulator configuration with its underlying properties.

2.3 Equations of Motion

{Ci}
ω
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v
Ci

g

x

z

y

x
z

y

r

{G}

CiG

Ci

Figure 1 Considered rigid body.

Let us observe the i-th rigid body from Fig. 1, belonging to a multibody
system. Kinetic energy of the i-th rigid body, labelled as Ki(ξ̇ ,ξ ) ∈ R, is per
definition:

Ki(ξ̇ ,ξ ) =
1
2

mi vT
Ci

vCi +
1
2

Ciω
T
[

CiI
]

Ciω, (3)

with mi ∈R being the body mass, vCi ∈R3×1 is the considered COM velocity
vector with respect to the inertial frame {G} and expressed in any convenient
frame,

[CiI
]
∈ R3×3 denotes the tensor of inertia of the i-th rigid body about

the axes of the {Ci} frame with its origin the the centre of mass (COM) Ci.
Assuming that the gravity acceleration is constant and normal to the Earth-
tangent plane Oxz, one way to define the potential energy Πi(ξ ) ∈ R of the
considered i-th body is:

Πi(ξ ) = mi gyCi(ξ ), (4)

where g ∈ R denotes the gravity acceleration magnitude and yCi(ξ ) ∈ R de-
notes the y-coordinate value of the i-th rigid body COM with respect to the
inertial frame {G}, expressed in the {G} frame. If the Lagrange function
is introduced by definition as the sum of difference between the kinetic and
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potential energy of the whole rigid body system, which is composed of n rigid
bodies, as:

L(ξ̇ ,ξ ) =
n

∑
i=1

(
Ki(ξ̇ ,ξ )−Πi(ξ )

)
, (5)

then Lagrange equations of the second kind for a rigid body system can be
written in the form of a system:

d
dt

(
∂L(ξ̇ ,ξ )

∂ ξ̇ i

)
− ∂L(ξ̇ ,ξ )

∂ξ i = τi(ξ̇ ,ξ ), i = 1, ...,n, (6)

where τi(ξ̇ ,ξ ) ∈ R here denotes the generalized forces arising as the conse-
quence of all the other forces acting upon the system, apart from the weight
force which is comprehended through the potential energy. In the analyzed
case, the generalized forces analysis will play an important role and will be
addressed in more detail.

System of equations (6) can be rearranged and written in the form that is
widely used:

M(ξ ) ξ̈ +C
(

ξ̇ ,ξ
)

ξ̇ +G(ξ ) = τ

(
ξ̇ ,ξ

)
, (7)

with M(ξ ) ∈ Rn×n, denoting the real, symmetric and positive-definite mass
matrix, C

(
ξ̇ ,ξ

)
∈ Rn×n being the Coriolis/centrifugal matrix and G(ξ ) ∈

Rn×1 representing the vector of gravity-related terms.

2.4 Linearized EOM and elastodynamic performance

Linearizing the equations of motion about the nominal manipulator posture
in the resting state, determined with

(
ξ̇ ,ξ

)
= (0,ξ 0) returns the system of

linear ODEs:
E0(ξ 0)∆ξ̈ +H0(ξ 0)∆ξ = ∆τ. (8)

Assuming that generalized force perturbation term ∆τ can be represented
here in the general case as:

∆τ =−F0(ξ 0)∆ξ̇ −K0(ξ 0)∆ξ , (9)

leads to the common linearized form:

E0 ∆ξ̈ +F0 ∆ξ̇ +(H0 + K0) ∆ξ = 0, (10)
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where the matrix E0(ξ 0) can be directly obtained from the mass matrix as:

E0(ξ 0) = M(ξ 0), (11)

matrix F0(ξ 0) will be a consequence of dissipative friction forces and ma-
trix K0(ξ 0) will comprehend spring-like behaviour of linear actuators being
considered here.

After choosing the state variables vector as:

x =
(

∆ξ ,∆ξ̇

)T
∈ R2n×1 (12)

the system of equations from Eq. (10) can be rewritten as:

ẋ = A(ξ 0) x, (13)

with matrix A(ξ 0) ∈ R2n×2n being defined as:

A(ξ 0) =

(
On×n In×n

−E−1
0 (H0 + K0) −E−1

0 F0

)
. (14)

Eigenvalues and eigenvectors of matrix A(ξ 0) will determine the prop-
erties of unforced vibrations in the system, [22]. In the present study it is
of interest to investigate how frequencies of unforced oscillations change
when hydraulic linear actuators are replaced with electric counterparts. Thus,
magnitudes of matrix A(ξ 0) eigenvalues will be investigated.

3 Spring-like Behaviour of Linear Actuators

While the matrices E0(ξ 0) and H0(ξ 0) from (10) can be fully determined
by knowing the kinematic and mass properties of the considered manipula-
tor, matrices F0(ξ 0) and K0(ξ 0) from (9) depend on the actuation type and
actuator properties. In hydraulic systems at zero flow, and electromechanical
systems, at nominal holding force/torque, motions exist due to the spring-like
behaviour of the actuator.

3.1 Hydraulic Spring Effect

The effect of oil compressibility is known to cause the existence of ”hydraulic
spring” [23]. The existence of free oscillations can be attributed to the spring-
like behaviour of the oil in cylinder chambers where the spring stiffness is
varying.
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Figure 2 Linear hydraulic actuator.

Let us observe the j-th linear hydraulic actuator in Fig. 2. The linear
momentum change of moving parts is:

Meq j ẍ j +Ceq j ẋ j = pa j Aa j − pb j Ab j −Fn j, (15)

where Meq j is the equivalent mass of moving parts, Ceq j is the viscous damp-
ing coefficient and Fn j is the external force. Chamber pressures pa j and pb j
create the actuation force by acting on piston areas Aa j and Ab j. At zero flows
to both chambers, the pressures change as follows:

ṗa j =−
Ba j Aa j

V0a j +Aa j x j
ẋ j, (16)

and:
ṗb j =−

Bb j Ab j

V0b j +Ab j (s j − x j)
ẋ j, (17)

with Ba j and Bb j representing the hydraulic fluid bulk moduli, and where the
fluid volumes in hoses between the j-th direction valve and actuator chambers
are V0a j and V0b j.

Combining (15) – (17) one can arrive at the equation describing the
motion of moving parts at zero flows as:

Meq j
...x j +Ceq j ẍ j +Khs j ẋ j =−Ḟn j. (18)

Once (18) is linearized about the equilibrium position determined with
the piston position x jN, an equation describing motion in the vicinity of the
nominal equilibrium point is:

Meq j ∆ẍ j +Ceq j ∆ẋ j +Khs jN ∆x j =−∆Fn j, (19)
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where the hydraulic spring stiffness Khs jN is:

Khs jN =
Ba j A2

a j

V0a j +Aa j x jN
+

Bb j A2
b j

V0b j +Ab j (s j − x jN)
, (20)

and the equivalent actuator stiffness Kh j is calculated from:

1
Kh j

=
1

Khs jN
+

1
Kr j

, (21)

with Kr j representing the j-th actuator rod stiffness.

3.2 Equivalent Spring Stiffness in EMLAs

Different mathematical models of EMLAs have been proposed over many
years of extensive research [24] – [25]. They differ in form, complexity and
methodology used. It is argued and shown through experiments that, as ex-
pected, higher-order models better capture the dynamic behaviour and predict
the resonant peaks. Since the near-steady state behaviour is contemplated in
the presented study, an adapted fourth-order model from [26] will be used,
since it suffices for the overall picture that is to be presented here.

Figure 3 Schematic of an EMLA.
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Let us observe the simplified schematics of an EMLA actuated with a DC
motor in Fig. 3 and let us incorporate some of the modelling ideas from [27]
for the sake of obtaining an insightful nonlinear model. If the inductivity of
motor coils is neglected, the current flow IM j in the windings of j-th EMLA
can be approximately determined as follows:

VM j − kM j Θ̇M j = RM j IM j, (22)

where RM j is the resistance of coils, VM j is the applied voltage, Θ̇M j rep-
resents the motor shaft angular velocity, and kM j is the back-electromotive
force coefficient. The angular momentum change of the j-th DC motor shaft
is:

JM j Θ̈M j +CM j Θ̇M j + τMS j = τM j, (23)

where JM j represents the moment of inertia of motor rotating parts and motor
shaft, CM j is the viscous damping coefficient, τMS j is the part of the motor
actuation moment that is transferred to the load shaft. The j-th DC motor
actuation moment τM j can be calculated from:

τM j = ηM j kT j IM j, (24)

as a function of motor efficiency ηM j and torque constant kT j.
The transmission ratio iT j relates angular velocities as:

Θ̇S j iT j = Θ̇M j, (25)

where Θ̇S j is the j-th EMLA shaft angular velocity.
Because it will be convenient to express certain following relations in

terms of linear nut displacement xn j, the nut linear velocity ẋn j is related with
load shaft angular velocity as:

ẋn j =
p j

2π
Θ̇S j, (26)

where p j is the j-th ballscrew pitch.
The load shaft rotates per relation similar to (23):

JS j Θ̈S j +CS j Θ̇S j = iT j τMS j − τBD j, (27)

where again as before, JS j represents the moment of inertia of rotating parts
on the load shaft, CS j is the viscous damping coefficient, and τBD j is the
ballscrew back-drive moment:

τBD j =
p j

2π
(CBS j (ẋn j − ẋ j)+KBS j (xn j − x j)) , (28)
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with the ballscrew equivalent stiffness KBS j, CBS j denotes ballscrew damp-
ing coefficient, ẋ j and x j are the velocity and position of the EMLA rod,
respectively.

Combining equations (22)–(28), one can arrive at:

J∗j ẍn j +C∗
j ẋn j +CBS j (ẋn j − ẋ j)+

KBS j (xn j − x j) = K∗
j VM j,

(29)

where:

J∗j =
(
JM j i2T j + JS j

) (2π

p j

)2

, (30)

C∗
j =
(
CM j i2T j +CS j

) (2π

p j

)2

, (31)

K∗
j =

kT j ηM j

RM j

2π

p j
. (32)

The motion of linearly moving EMLA parts follows:

M j ẍ j +C j ẋ j +CBS j (ẋ j − ẋn j)+
KBS j (x j)(x j − xn j) =−Fn j.

(33)

Equivalent EMLA stiffness KBS j (x j) plays a cruicual role in determining
NFs of a manipulator with EMLAs. This equivalent ballscrew stiffness of the
j-th ballscrew is:

KBS j =

(
x j

Ks j
+

1
Kb j

+
1

Kn j
+

1
Kr j

+
p2 x j

4Krot jπ
2

)−1

(34)

if the EMLA shaft is fixed on one side, or:

KBS j =

(
Leff j

Ks j
+

1
2Kb j

+
1

Kn j
+

1
Kr j

+
p2x j

4Krot jπ
2

)−1

(35)

when the EMLA shaft is fixed on both sides. In both (34) and (35) term
Ks j represents the axial stiffness of the j-th EMLA shaft, Kb j represents the
bearing stiffness, Kn j stands for the stiffness of the nut, Kr j is the stiffness of
the rod, and Krot j is the rotational stiffness of the shaft. Term Leff j is related
to the effective length of the shaft and it can be calculated as:

Leff j =

(
x j(LS j − x j)

LS j

)
, (36)
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where LS j is the distance between the bearings.
While (29) and (33) represent the governing nonlinear EMLA equations,

their linearized versions will be investigated as was the case with hydraulic
actuator. Choosing the state variables as deviations from the equilibrium:

∆xE =

(
∆xn j
∆x j

)
, (37)

equations (29) and (33) can be linearized and written as:

ME j ∆ẍE j +CE j ∆ẋE j +KBS j ∆xE j = ∆uE j, (38)

where appropriate system matrices are:

ME j =

(
J∗j 0
0 M j

)
, (39)

CE j =

(
C∗

j +CBS j −CBS j

−CBS j CBS j +C j

)
, (40)

KBS j =

(
KBS jN −K′

BS jN x jN −KBS jN

−KBS jN K′
BS jN x jN +KBS jN

)
, (41)

and:

∆uE j =

(
K∗

j ∆VM j

−∆Fn j

)
. (42)

Considering the expected magnitudes of coefficients, an equivalent
EMLA spring value calculated from (34) or (35) as KBS jN = KBS j(x jN) can
be used when addressing the effect of EMLA on the distribution of NFs over
the workspace.

3.3 Linearized Force Moments in Revolute Joints

The equivalent spring stiffness is essential to calculate the spring-like force
that an actuator produces when small-amplitude oscillations about the equi-
librium are analyzed. These forces should be related to the angular motion
exhibited by revolute joints as a final step.

Let us observe revolute joint actuated with linear actuator, shown in Fig.
4. For small angle displacements ∆ξ j, spring-like force is generated in the
actuator per:

∆Fj =−k j ∆x j =−k j Lτ j ∆ξ j, (43)
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Figure 4 i-th revolute joint in a manipulator arm.

Figure 5 Considered manipulator arm, shown with linear hydraulic manipulators. Alongside
are shown COMs of three different loads for which the analytic results are provided.

which after multiplying with the moment arm Lτ j gives the moment acting
on the joint as:

∆τ j =−k j L2
τ j ∆ξ j. (44)

In the case of prismatic joints, the modelling task is rather trivial,
requiring just the force increment:

∆Fj =−k j ∆x j. (45)

Thus, the matrix K0(ξ ) has the following description:

K0(ξ ) = diag(k11(ξ1)...kii(ξi) ...knn(ξn)), (46)

where:

kii =

{
k j if the joint is prismatic,
k j L2

τ j if the joint is revolute. (47)

By modelling the friction as a locally linear function of velocity, matrix
F0 can be written as:

F0 = diag( f11(ξ1)... fii(ξi) ... fnn(ξn)), (48)
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with fii being a constant.

4 Comparing Distributions of Natural Oscillation Frequencies

Let us now analyze the heavy-duty manipulator from Fig. 5 based on the
approaches described above. The effect of three different loads with different
locations for their respective COMs will be investigated. Appropriate NF
surfaces will be given for these three cases that can also be seen illustrated in
Fig. 5 along with appropriate numeric values. Three generalized coordinates
ξ0, ξ1, and ξ2 will be used in the NF analysis. Although the base actuator
stiffness will have different values as ξ0 varies, the presented surfaces are
provided for ξ0 = 0. This suffices for the comparison needs.

Figures 6 - 8 show the distribution of ωi, i = 0,1,2 NFs in the case of
hydraulic actuation over the ξ1 −ξ2 plane.

Figure 6 NF ω0 distribution over the ξ1 −ξ2 plane (hydraulics).
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Figure 7 NF ω1 distribution over the ξ1 −ξ2 plane (hydraulics).

Figure 8 NF ω2 distribution over the ξ1 −ξ2 plane (hydraulics).

Base rotation EMLA is designed such that two fixed supports restrain its
motion, and the equivalent stiffness is calculated per (35). For EMLAs in the
lift and tilt joint, the equivalent stiffness is calculated using (34). Figures 9 -
11 show the distribution of NFs in the case of electric actuation.
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Figure 9 NF ω0 distribution over the ξ1 −ξ2 plane (EMLA).

Figure 10 NF ω1 distribution over the ξ1 −ξ2 plane (EMLA).
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Figure 11 NF ω2 distribution over the ξ1 −ξ2 plane (EMLA).

5 Conclusion

The near future is expected to bring an inevitable rise in all-electric heavy-
duty manipulator solutions. These solutions will certainly induce new values
for a palette of different important manipulator properties. Compared to
all-hydraulic solutions, some of these may prove more favourable and will
undoubtedly challenge hydraulics in certain aspects.

EMLAs can not outperform hydraulics in many aspects like high-speed
actuation with high impact loads like in excavators, of which about 500.000
units are sold annually. Also, challenges regarding cooling are bound to exist
in EMLAs, and these will require appropriate analyses.

In any case, addressing differences between hydraulically and electrically
actuated manipulators where appropriate transition could occur and making
relevant comparisons presents an essential investment to the knowledge base
that is bound to gain more and more popularity as time goes by.

In hydraulic solutions, linear actuators are omnipresent, appearing both
in prismatic and revolute segments. The same is expected to be encountered
in all-electric solutions, leading to EMLAs playing an indispensable role.
Since a ballscrew assembly often encountered in precision machining serves
as one of the main constituting EMLA subsystems, the already existing and
vast body of literature can serve as a foundation for analysis of heavy-duty
manipulators with EMLAs.

The main mechanical properties of EMLAs that contribute to the equiv-
alent stiffness are listed and analyzed in a fair amount of detail. Equations
of motion for a complex and relevant manipulator arm configuration have
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been derived and linearized in the vicinity of a general equilibrium point.
Equivalent hydraulic stiffnesses of linear hydraulic and electric actuators have
been used in the following analysis to replace the linear actuators with linear
springs and calculate the frequencies of natural oscillations of a considered
structure.

Based on the obtained results, it is expected that retrofitting EMLAs to
existing heavy-duty manipulator arms or creating new all-electric ones will
contribute to achieving overall higher values for minimum natural frequencies
of manipulator oscillations. Higher values for this crucial structural quality
indicator are favourable and could enable better positioning precision and the
easier achieving of the higher closed-loop bandwidth. The presented study
show that it is expected to achieve up to 3 times higher frequencies of natural
oscillations.

Considering manipulator links as rigid bodies, the distribution of natural
oscillation frequencies is plotted over the grid of generalized coordinates and
will remain to serve as a road sign for future analyses.
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