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Lumped Parameters Modelling of the EMAs’ Ball Screw Drive with Special
Consideration to Ball/Grooves Interactions to Support Model-based Health

Monitoring
Antonio Carlo Bertolino !, Massimo Sorli, Giovanni Jacazio, Stefano Mauro
Department of Mechanical and Aerospace Engineering, Politecnico di Torino, 10129 Torino, Italy

Abstract

Building a high-fidelity model to identify a connection between a measurable signal variation and the onset
and growth of a fault, which can then evolve in a failure, is a method to develop a prognostic and health
management system. With this goal, this paper is focused on the development of a high-fidelity dynamic model
of the ball screw component of flight control electro-mechanical actuators. This model can represent the
roll/slip transition in the spheres/grooves contact points depending on dynamic operative conditions. It is
suitable for various defects injection, such as friction increase, preload variation or mechanical backlash. The
effect of such defects on the mechanical direct efficiency is investigated since it is a parameter which can be
easily measured experimentally, and which may be a suitable candidate as health feature or as an indicator of
faults onset and progression within the mechanism. This approach is intended to track the health status of the
component and consequently avoid unexpected in-service failure, which may have a high cost, especially in
the aerospace sector.

KeyWOI’dS: Ball screw; Electro-mechanical actuator (EMA); Model-based health monitoring; High-fidelity
physical model; Sensitivity analysis; Mechanism efficiency.

1. Introduction

In the last decades, in order to increase the efficiency and reduce pollution, a general trend in designing a
“more electric aircraft” is ongoing [1-3]. To this purpose, a relevant step is the substitution of electro-hydraulic
servo actuators (EHSAS) with electro-mechanical servo actuators (EMASs). This technology however is still
struggling to spread in the aerospace sector [4-6] due to its too high jamming failure rate which makes it, in
its standard configuration, not suitable for the actuation of primary flight controls. Several mechanical layouts
have been proposed to reduce EMAs failure ratio [7-13], but they all lead to an increase of weight [14] or in
additional maintenance requirements [15].

A different approach consists in continuously monitoring the health of the EMA through a prognostic and
health management system (PHM) [16,17] to rapidly detect the onset of faults before they become critical and
estimate the residual useful life. In order to acquire the knowledge required to develop a reliable PHM system,
a deep analysis of the effects of possible fault entities and fault related parameters on the actuator performance
under different operating conditions must be previously carried out [15,18]. This large amount of data can be
obtained in a relatively cheap and fast way if a high-fidelity model of the EMA is developed. Previous studies
have been made upon different components of the EMA architecture, such as the electric motor [19-22] and
the electronic control unit (ECU) [23,24] as well as gears and bearings [25-27].

The aim of this work is to develop a lumped parameters high-fidelity dynamic model of the ball screw
mechanism used for rotary to linear motion conversion in most EMAs. This component is the most prone to
jamming issues according to the FMECA in [17], and its performance and duration depend on design and
control parameters [28,29]. Due to the complexity of this mechanism, experimental analysis of the internal
mechanical behaviour have been carried out only in very simplified scenarios [30,31] and therefore researchers
tried to describe it with mathematical models. Hitherto, most of them considered static or quasi static
conditions [32,33,42-45,34-41]. More detailed models, which describe the interaction between axial, torsional
and lateral dynamics, are provided in [46-48], and [49,50] analyse the effect of screw compliance on the static
load distribution. The dynamic models are mainly used in literature to perform only modal analyses and the
system is described as a black box, which makes it not capable to describe the behaviour of single components
and to capture the contact conditions at interface points. Besides, the more complex of these models, such as
the FE ones, require a very high computational cost.

The model developed in this work introduces the possibility to consider the effects of the inertia properties of
the ball screw system components, which can affect its overall efficiency during transients, especially when
very low loads are applied. The model is developed in order to be used as a virtual test rig with the target to
enable in the future easy injections of several kinds of defects and degradations to evaluate their effects on
measurable signals of the ball screw itself or, in a future development, of a complete EMA. This approach, on
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this component, is not shared by any former author and allows to quickly carry out several simulations that
can provide maps of measurable feature describing the system behaviour in presence of defects and
degradations. Its results, if validated by experimental tests, will be useful to define prognostic algorithms for
this component. Feng and Pan [51,52] tried to develop a similar data-driven procedure to diagnose a possible
ball screw degradation, the preload level loss, linking it to the vibrational signal from accelerometers. Li et al.
[53], considering a purely data-driven method, demonstrated that the ball screws are components on which it
is possible to apply such an approach. Therefore, a detailed model would permit to obtain a better physical
understanding and to study the system behaviour under normal and abnormal conditions. According to [15],
to accurately reproduce the physic of ball screw jamming, it is crucial to create a precise model which can
describe the wear and friction mechanism within the component, in the contact areas. This is also important
because the friction increase has been identified as a jamming precursor [25]. For this reason, since the
mechanical efficiency is directly related to the friction level, it has been identified as indicative of the health
and wear status of the mechanism [25,54] and it can be used as a first health indicator. Therefore, it is analysed
with regards to the variation of preload [51,55] and the friction increase due, for example, to the return channel
jam [56] or an insufficient lubrication [25,57]. Many degradations are related to each other: for example, if the
lubrication is insufficient the friction increases. It causes a temperature rise, which deteriorate the lubricant
itself, but also creates more wear, since the lubricant film is thinner [58]. The wear of balls and grooves might
create debris which enter into the lubricant and further contribute to the wear. All this process creates vibrations
since the spheres now have to roll on worn irregular grooves: wear and vibrations entail the preload lessening
and the increase of backlash, and so forth. All these faults create an exponential chain of faults progression
and have an impact on the mechanical efficiency value, since they all imply power losses. At the same time
backslash can arise because of the effect of wear [25,54,57], due to increased friction, or because of the loss
of preload. In order to make possible a more complete analysis of the mechanism the proposed model includes
the possibility of evaluating the effect of backslash; the results of diverse analyses of the effect of this parameter
on the dynamic behaviour of the system are reported. Previous studies [59,60] showed that steady state
mechanical efficiency is not affected by backlash.

The proposed model considers 5-dof and the motion of each component is described by its own d’Alambert’s
differential dynamic equilibrium equations, so that the inertia actions are taken into account. A preloaded
double-nut single-cycle ball screw has been considered in this study, where the preload is obtained inserting a
spacer between the two nuts: each sphere is considered to touch the grooves in two points only. The screw can
only rotate while the nuts can only translate. Such a model is able to gather the time dependence of various
signals, in particular the mechanical efficiency, and thus to obtain the dynamic performance as function of
input and operating conditions. Moreover, on each sphere it is possible to discriminate between rolling and
sliding conditions in both contact points with the screw and nut grooves. On these points, elastic deformations
of the matching bodies are considered, and the normal and tangential forces can be computed. Finally, the
proposed model considers the presence of a double-side backlash between the spheres and the grooves, and
the presence of centrifugal effects. This model can describe the dynamics of each sphere and its interaction
with the grooves dynamically as function of time and input values: therefore, it can be embedded into a more
detailed model of the entire servo actuator as a ready-to-run subsystem. This allows to investigate the ball
screw fault effects on the different EMA component dynamically, under real flight position demands and load
time series. The model is fast to run, compared with the more detailed FE models, thus this allows numerous
sensitivity analyses to be performed rapidly. This aspect is very important when creating a map of feature
values versus fault levels, which is paramount to build a prognostic and health management system.

This paper first presents a short overview of a typical EMA architecture. Then it describes the high-fidelity
non-linear dynamic model of the ball screw. Later, results obtained by this model are shown as well as the
outcome of a sensitivity analysis on single and combined parameters on the mechanical direct efficiency. The
influence of backlash and friction on the dynamic performance is investigated and, finally, the centrifugal force
effect on normal and frictional contact forces and sliding conditions is analysed.

2. EMA Architecture

As already mentioned, one of the possible solutions to overcome the reliability issue is to adopt electro-
mechanical actuators with a simple structure together with a PHM system. A typical architecture for such
primary flight control EMAS is shown in Fig. 1.

Each equipped EMA has a dedicated Electronic Control Unit (ECU) which provides for the closed loop
regulations and sends information about the EMA’s status to the Flight Control Computer. The latter transmits
the position set to the ECU of the different actuators in the aircraft. Usually, the position and velocity loops
have digital controllers, while the current loop is fully analogic.



No color images in the printed version Declarations of interest: none.

SET POSITION SIGNAL
==| ECU |

: VELOCITY SIGNAL

POWER ﬂ E ( sccepees ) |
SUPPLY MDE | = :
e (3]
: T ' LVDT ex
1 etVor_ 7777778 L
BLDC rri r 4 @ ® =
; | \ THRUST LINEAR GUIDES =
m BEARING
RESOLVER
k WWJ
REDUCER

Fig. 1. Typical EMA architecture.

This kind of actuators are generally composed by an ECU, an electric motor with its electronics, a reducer, a
ball or roller screw, a linear displacement sensor (typically an LVDT), a rotary speed sensor (e.g. a resolver)
and other secondary components such as bearings, linear guides, brakes and a clutch to allow the motor and
the mechanical part to be disconnected in case of emergency.

The ECU performs the speed and position control loops comparing the signals coming from the LVDT and
the resolver, placed respectively on the translating part of the ball screw and on the high-speed shaft of the
reducer. The resulting current command is the input to the Motor Drive Electronics (MDE), which operates
the current control loop and generates the current command for the electric motor. The most popular solution
is a brushless DC motor (BLDC) but sometimes it can be a switched reluctance motor as well. The output
torque, through a reducer, is transmitted to the ball screw, which converts the rotating motion into linear
motion. The external force is applied on the translating element from the aerodynamical loads acting on the
control surface, directly attached to the EMA, together with the inertia actions of the surface and the
kinematics, the friction effects and the loads exerted on the same surface by other actuators.

Generally, more than a single actuator is connected to the same control surface [61-63]. Therefore, undesired
situations can occur, e.g. the force fighting condition, which happens when, in order to keep the surface steady,
contrasting command, and then forces, are passed to the various involved actuators. Several strategies have
been developed to avoid this situation [64].

If jam occurs, the entire transmission chain remains stuck in the last position reached before the failure and the
EMA becomes useless and potentially dangerous for aircraft’s governability. Typically, precursors of jamming
are wear, backlash and friction increase, vibrations, hysteretic phenomena and noise.

Paper reference number [59] [60] Present paper
Type of publication Conference Conference Journal
Dynamics of screw, nuts and spheres Yes Yes Yes

Double side contact model and backlash Yes Yes Yes
Centrifugal force effect No No Yes
Simulation results and information provided  Few Few Many
Combined parameter sensitivity analysis No No Yes
Meaningful results at low external force No No Yes
Simulation speed Normal Normal Fast

L . . Poor (frequent
Simulink implementation quality o . Poor Robust
numerical instabilities)

Table 1. Summary of improvements with respect to previous articles.
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Fig. 2. Screw with reference systems and applied torques. Fig. 3. Reference systems on the sphere.

3. Ball Screw Model

In this section a high-fidelity model of a ball screw drive is briefly presented. The basic equation framework
of the model is the same of that described in [59,60], but a better implementation in the Simulink environment
allows to avoid numeric instabilities and to slightly reduce the simulation time. A summary of the differences
between the present formulation and those in [59,60] is reported in Table 1.

The model presented below is physics based. The motion of each component is described by its motion
equations. Non-linear effects are taken into account in contact areas. The recirculation system is disregarded
in this study, considering that when a sphere finishes the helical path it continues to roll starting again from
the beginning of the path.

A preloaded double-nut ball screw was considered, where the screw can only rotate and the nuts are the
translating parts. Compliance of joints is neglected. The following approach can still be applied if the nut
rotates and the screw translates, with little modifications to the implementation.

3.1. Reference Systems

As Fig. 2 and Fig. 3 show, five reference systems have been adopted, according to [38,59,60]:

e Oxyz is an inertial reference system, fixed in space with the z axis coincident with the screw axis;

e 0x'y'z' has the z' axis parallel to z, and rotates with the screw shaft: the rotation angle is Q;

e O'tnb is the Frenet-Serret coordinate system, which describes the motion of one of the spheres. The
origin is located in the considered sphere’s centre, the t axis is tangent to the helical path, the n axis
points towards the screw axis and b is the bi-normal axis;

e x;y;z; (I = Aj, Bj) are two reference frames centred in the contact points of the sphere with the nut
groove (4;) and with the screw groove (B;). For each one, the z; axis is normal to the contact plane,
and the y; axis is parallel to the t axis.

e 1y, is a mono-dimensional coordinate system along the rectified helical path. It represents the
displacement of the centre of the sphere with regards to its initial position, where the origin is located.

where the subscripts i refers to the two contact points between the nut, the sphere and the screw, while the
subscript j distinguishes the two nuts.

The angles 4 ; and B ; between the segment identified by contact points and the sphere’s centre are the
contact angles (Fig. 3); in this analysis, they are supposed to be constant and both equal to the most common
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literature value of 45°. This means that the line which connects the two contact points identifies the direction
along which forces are transmitted.

The rotational matrices between these reference frames are computed in [38].

3.2. Screw motion

Fig. 2 depicts the torques acting on the screw, which compose its dynamic equilibrium equation:

Cn—Cr—Cy— 181 =0 (1)
where G, is the input torque from the motor, C; is the friction torque and Cy is the torque obtained from the
sum of all reaction forces from the spheres to the screw groove. It can be expressed as:

¢, = zzj[FV,,- + Hp,j cos(a")][1n — 1 c0S(B5)] )

where Hp ; is the tangential friction force, along the t axis, from the spheres belonging to the j-th nut (83.4) to
the screw groove, while Fy ; is the contact normal force projected in a direction tangent to the screw shaft and
parallel to the xy plane.

Z is the actual number of spheres bearing load: usually this number is less than the total number of spheres due
to possible manufacturing geometric errors and the presence of recirculating channels. According to literature
[33,59,60,65], a good estimate can be:

2Ty Ny

@)

The friction torque Cr is composed by the rolling friction torque C,.s ; and the supports’ frictional effects. The
latter are represented through a Coulomb-Stribeck-viscous model [66] which allows lubricant effects to be
considered and the simulation results to be more realistic. In the present work, this was neglected since the
goal is to investigate only the mechanism’s performance, without hindrances of supporting elements or
different mounting conditions.

3.3. Nuts motion

The considered system has two nuts which are preloaded inserting a thickness between them, as in [67]. The
preload force acts to separate the nuts, as illustrated in Fig. 4. The external force is shown applied on the nut’s
flange, but in the model it is considered equally distributed on both the nuts, basing on the assumption that all
the spheres are equally loaded, without geometric errors and considering that the preload force is imposed as
a constant force instead that as a spring, therefore it is not able to transmit the external force from one nut to
the other. The matching forces between the spheres and the nut grooves are represented along the grooves: the
total force F; ; on each nut is derived from the projection and sum of all the contact forces from each sphere
along the z axis. Since the analysed ball screw has a right-hand thread, to a positive rotation Q of the screw
corresponds a backwards displacement of the nut assembly with regards to the z axis.

Z =10.6Z = (0.6 —————
10-6Z¢oc] [0627",, cos(a)

Fig. 4. Free body diagram of the nuts.
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Fig. 5. Contact models between spheres, screw and nut. F,,; and F,, are parallel to the z axis.

Each nut dynamic equilibrium equation is:
F,
ZFZ,j_FfT,j +eTxtinr—Man :0 (4)

As shown in Fig. 4, the preload sign is positive on the first nut (j = 1) and negative on the other one (j =
2). Fy,- is the friction force applied on each nut and, as for the screw, it is composed by two parts: the friction
given by the rolling/sliding spheres and the one due to the presence of linear guides, modelled by means of a
Coulomb-Stribeck-viscous function as well. In the same way as for the screw, the latter has been disregarded
in the present analysis to investigate only the ball screw itself. This means that idealized frictionless constraints
have been adopted. The friction force can then be written as:

Fpj = Hy jZsin(a'") (5)
where Hy ; is the tangential friction force between the sphere and the j-th nut groove, along the t axis (83.4).
The friction formulation adopted in Egns. (1) and (4) is able to reproduce the stiction behaviour.
3.4. Spheres motion
Solving Eqgns. (1) and (4) requires knowing the forces exchanged, through the spheres, in the contact regions,
P; and P;’. The load is considered to be applied symmetrically with regards to the screw axis, therefore,
neglecting geometric errors and the presence of radial loading, each sphere can be considered to bear the same
fraction of the total load. Interactions between adjacent spheres are disregarded in this work. Thus, only one
sphere is analysed and dynamically described, considering it as representative of the behaviour of all the others.
In this paper only the linear dynamics along the y; and z; axes, the rotational dynamics around the x; axis and
centrifugal force are considered for each sphere. Gyroscopic effects, the rotational dynamics around y; and z;
axes and the linear dynamics along the x; axis are neglected. The subscript j will hence be omitted where
possible for seek of clarity in notation.
The contacts have been modelled inserting spring and damper elements between the two impacting bodies, as
shown in Fig. 5. The resulting system has five degrees of freedom: the screw, two spheres and two nuts. The
motion is imposed from the screw and each sphere/nut sub-assembly moves linearly along the z; axis, i.e.
along the contact line. The model provides the possibility to insert a double sided backlash in each contact
point, as shown in Fig. 5, according to the approach of [59,60,68,69]. Once the contact forces are calculated,
they are used to solve Egns. (1) and (4).
The equilibrium equation of each sphere along the z; axis can be written as follow:

MyZ,;+ P/ — P =0 (6)
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P/ = {kAzys ; + #[c(2p,; — 25), kDzps |} He |
bmax (7)

Az = (zp; — 25) — Hej

4
Py = {kAzpp j + $[c(2n,j — 2p ;) kAZnp 5]} He |
b (8)
DZnpj = (Znj = 2b,j) = He,j %

Since the contact angles are fixed, when the motion is reversed the spring-damper systems undergo tractive
forces: therefore, when the contact forces are negative, it must be interpreted as if the contact angles
instantaneously have changed from 45° to -45°. For example, in Fig. 5, one sphere bears the load with a positive
contact angle while the other sphere with a negative one, thus also two contact forces are positive and the other
ones are negative. In order to avoid discontinuities and spikes, as the impact speed grows, when the contact
happens, the function # and the coefficient H, ; have been introduced. When the contact forces are positive,
i.e. Bj =45° # =min and H.; =1, while in the other case # = max and H.; = —1. If backlash is
considered, a third situation can occur, that is when the sphere does not have any active contact. This means
that |Azys ;| = |Azpp,j| < bmax/4 and therefore the coefficient H,; is imposed equal to zero. When the
backlash has to be neglected, it is sufficient to put b,,,4, = 0.

The motion along the z; axis, normal to the contact planes, is imposed by the displacement of the contact point
B obtained from the screw rotation. Exploiting rotational matrices from [38], it is possible to derive it as:

Zg = —%QCOS(Q') sin(fg) ©)
The displacement of each nut z,, ; on z; axis can be linked with the axial translation z; along the screw axis:
Zypj = z;j cos(a'’) sin(B,) 1o

The contact forces P; and P can be brought back to Ox"y’z’ reference frame in order to calculate, respectively,
the reaction force on each nut, Fz ; in Eq. (4), and on the screw, Fy, ; in Eq. (2):
Fy ;= Pj' sin(a”) sin(Bg) (11)
F;j = —P;cos(a’) sin(f34) 12)



No color images in the printed version

Declarations of interest: none.

Description Value Units
Geometrical parameters
I Screw moment of inertia around z axis  9.8-10* kg m?
ng Loaded turns number 3
M, Nut mass 1.3 kg
p Screw lead 20 mm
T Ball radius 3 mm
T Screw pitch circle radius 20 mm
Ziot Total number of spheres 63
a Nominal helix angle 9.043 deg
a' Inner helix angle 10.095 deg
a Outer helix angle 8.188 deg
B Contact angle 45 deg
Performance parameters
Enax Critical stall load 43.43 kN
ko Axial stiffness 1.27 KN/um
Qe Critical screw angular speed 2400 rpm
Nominal conditions
brmax.nom Backlash in nominal conditions 0 pum
Foxtnom External nominal force 21.72 kN
Eyrnom Nominal preload 7.67 kN

Table 2. Screw parameters and assumed nominal conditions.

For the sphere’s rolling motion, an approximation was made: it was considered unidimensional along the
helical path as if it was rectified: each sphere can thus rotate only around the x; axis and the displacement is
always parallel to y; = t axis. The motion occurs in the y;z; plane and the nut groove is considered fixed
because the nuts does not rotate and because the coordinate system y,,, used to determine the displacement of
the sphere, is fixed with the nut. In both contact point there can be either sliding or rolling depending on the
operating conditions.

As for the dynamics in the z; axis, the rolling motion is governed by the screw’s rotation. The displacement of
the contact point B along y;, considered integral with the screw groove, is known from Eqg. (1) and can be
expressed as:

pQ

T o sin(a’) (13)

Yup
Neglecting gyroscopic effects, simple dynamic equation can be easily derived from Fig. 6 for both the
translational and rotational motion in the x;y; plane. The forces H, and Hj are tangential contact forces which
arise during rolling. They act both on the sphere and on the grooves, therefore they contribute to the reaction
and friction forces and torques on the nuts and the screw. H, and Hy are obtained adopting the continuous
differentiable formulation proposed by Makkar et al. [70] which links the friction coefficient with the contact
slip speed.
The equivalent effect of rolling friction on the considered sphere has been moved as a tangential force on the
screw, F,.r, parallel to y;. This force, properly projected by means of rotational matrices, becomes the
component C,.; of the friction torque Cr in Eq. (1). Then, F,.r has been expressed, according to [59,60], slightly
adapting the formulation in [71]:

Crs = FppZ cos(a’) [1y, — 1, cos(Bp)] (14)
Frp = Zj(l’jfv,j +Pify)) (15)

foj = froj +fv119§,j (16)

v0,j = wkﬁ (17)

Ty
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foj = fooj + fv119§,j (18)
pr 026,
b

Since the rolling friction depends on the contact loads and on the sphere’s rolling angular speed, the rolling
friction coefficient u is not constant and it can be rewritten considering Egns. (15) — (19) as:

Ui = kgckr]’Pjoz6 + fvlrbﬁ.g,j (20)

u],' = kgckrfpjloz6 + fvlrblég,j (21)
where kg is the coefficient of load dependence and f,,; of speed dependence of the rolling friction k,.; is a
parameter which allows to modify the friction effect on the system and will be used in the sensitivity analysis.
It is well known that for low loads the rolling friction coefficient is little dependent on the load and the
relationship u = kP%2 is typically used, while for higher loads the Gerstener-Coriolis expression u = ky/P is
applicable [72]. Then, for the purpose of this analysis, an average dependence of the rolling friction coefficient
with the load has been assumed and the normal force exponent has been set on 0.26. The contribution to the
rolling friction coefficient given by the angular rolling speed 9, is squared because of the local kinetic energy
dissipation due to micro-impacts of the material of the sphere when it enters into the contact area.
Finally, the direct efficiency has been calculated as power ratio, cleaned of the inertia effects in order to
evaluate it also in dynamic conditions and transients:

 NFexe + My (21 + %))z 22)
1 (C — 1,00)

A graphical implementation of the model is shown in Fig. 7, where the inputs are the driving torque, the
external force and the preload and the outputs are the screw angular speed and rotation and the nuts speed and
displacement.

4 Analysis and Discussion

The above presented model was used to evaluate performances of a double-nut single-cycled preloaded ball
screw with the characteristic dimensions listed in Table 2. Nominal values are listed as well: they have been
assumed by the authors as reference operating conditions with regards to which sensitivity analysis was
performed. The nominal external force is half the critical axial load and the nominal preload has been identified
following the prescription of the 1ISO 3408-4:2006 standard [73]:
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Fig. 8. Sensitivity analysis on the mechanical direct efficiency with regards to the external force, screw speed and preload, with k., = 1.

Fext,nom O-SFmax
Bornom = =37~ = 732 (23)
In this section a sensitivity analysis of single parameter variations on the mechanical direct efficiency is
presented. Furthermore, the results of different analyses on the combined effect of several parameters on the
mechanical direct efficiency is described. Later, the effect of friction and backlash in dynamic conditions are
investigated. Finally, the effect of the centrifugal force on the normal and tangential friction forces and on the
rolling/slipping condition of the sphere in the contact points is shown. All the results have been obtained
simulating the model with the fixed step solver odel4x with first extrapolation order. This choice helps to
obtain more physically meaningful results and to overcome the problems which can arise due to the presence
of small masses, i.e. the spheres, connected with high contact stiffnesses. This condition can lead to significant
slow down of simulations in transient conditions when using variable step solvers. Furthermore, the choice to
use the odel4x solver comes from the fact that this model will be embedded in a more complex model of an
EMA, whose motor is controlled through a PWM signal. This module requires a fixed step solver in order to
simulate, due to the presence of numerous instantaneous steps.
4.1. Sensitivity analysis
The mechanical direct efficiency versus the external force is shown in Fig. 8, varying the preload and the screw
speed, expressed as a percentage of the critical speed Q., for transverse vibration. This value is defined as the
speed at which the system will reach its first critical frequency and therefore it may resonate and eventually
become unable to operate. According to ball screw manufacturer catalogues, an estimation of its value in rpm
can be obtained by the following formula:

4 08 60 |cIE
T 2m JWIB
where E is the Young modulus of the screw, W is the screw weight, [ is the distance between the constraints
and I is the section moment of inertia, calculated considering the root diameter of the screw instead of the
outside diameter in order to maintain a safety factor. The coefficient ¢ depends on supports types: in this study
it has been considered equal to 8, corresponding to a fixed-free configuration. An additional safety coefficient
of 0.8 multiplies the result. The obtained critical speed is reported in Table 2.
From Eq. (22) it can be seen that when the external force tends to zero the mechanical direct efficiency does
the same. When the external force increases, the mechanical direct efficiency does not grow indefinitely, but
shows a maximum. This is due to the load dependent rolling friction in Eqgns. (20,21) which scales with a
power of the normal load on the spheres. For high values of external load, the trend is almost linearly

24)
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decreasing. The direct efficiency depends upon the spheres’ speed as well, which is related to the screw angular
speed by known cinematic equations [34]. Since the rolling friction depends on the square of the angular speed,
in Fig. 8 several parallel curves show the reduction of the direct efficiency with an increase of the screw speed.
Another important parameter is the preload, which causes an offset in the load on the spheres. Therefore, with
the same external force, the load carried by each sphere is higher and thus the direct efficiency is lower. Even
with a different preload, the trend at high external forces is nearly linear, and converges to the same values.
The point of maximum mechanical direct efficiency moves at higher external force values for increasing
preloads. Highlight on the combined effect of external force and preload are given in the following section.

Fig. 9 depicts the dependence of the mechanical direct efficiency on the k.., parameter of Eqgns. (15-19). This
parameter is a multiplicative factor to increase the load dependent component of the rolling friction. The
mechanical direct efficiency is influenced linearly by the friction and, from Eq. (17,19) it depends linearly
from k, ;. therefore, the trend is linear and it drops as the friction increase. The effect of the speed is the same
as above. The friction increase can be considered as a representative effect of the grooves wear or of the
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degradation of the lubricant.

The dependence of the mechanical direct efficiency on the preload force is depicted in Fig. 10. The speed
influence shows the same trend as for the previous parameters. There exist three family of curves with different
slopes: each of them is relative to a different value of external load. Considering that the friction depends on
the power 0.26 of the contact forces, the external load determines the operating point around which the systems
moves varying the preload. For high values of external force, the operating point is in the flat zone of the power
curve, thus the direct efficiency decreases more slowly with the preload. Vice versa, for low external forces,
the direct efficiency is higher for low preloads, but it drops quicker as the preload increases because the
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operating point lays in the slant part of the power curve. Looking at Fig. 5, it can be noted that, when the
preload value approaches F,,;/2, the spheres of the nut which has the preload force in the opposite direction
with respect to the external force, are almost unloaded. Hence, all the load is carried by only one nut. This
point is indicated in Fig. 10 as “transition point”. Its location is different for sundry preload values: obviously
higher external forces leads to greater transition point preload values. Beyond these points the behaviour is
approximately linear, due to the fact that the spheres which are highly loaded are in the flat part of the friction-
contact force curve, while the others, which are roughly unloaded, are in the steep region of that curve, which
is nearly linear as well. Between them, the influence of the most loaded spheres on the total friction prevails.
4.2. Combined parameters effect

Fig. 11 reports the results of a multivariate sensitivity analysis on the mechanical direct efficiency, with respect
to the external force, the preload, the speed and the rolling friction parameter. Three different speeds have been
considered: 20%, 50% and 80% of the critical speed. The rolling friction parameter factor k.., was considered
continuously in the range [0.5, 2] and its influence is linear. The external force was varied throughout its full
range [0, F,qx], Whereas, for the preload, three values have been taken into account: 50%, 100% and 200% of
the nominal preload specified in Table 2. For low preload values, given a k,.r value, the maximum of the direct
efficiency occurs for low values of the external force. Its location moves at higher external forces for higher
preloads. The presence of the peak of direct efficiency is even more pronounced the higher is the k, » factor.

It can be noted that the maximum takes place roughly at an external force value which is near 23/2 = 2.83
times greater than the considered preload, which is in accordance with Eg. (23) and ISO standards [73]. The
exponent 3/2 comes from the Hertz theory for elastic contacts: indeed 23/ 2F,y is the external force value at
which one contact side becomes inactive, while, below this value, both contacts are active and no shock occurs
when a contact becomes active again.

The complex relationship between the external load and the preload can be better visualized fixing k. to the

nominal unitary value and the speed to an arbitrary value, equal in this case to 40% Q.,, and plotting a
bidimensional map of the direct efficiency with respect to the preload and external force, as in Fig. 12. From
this picture, it is clear that, for a given external force, the ISO standard prescribes a preload value such that in
nominal condition it would lead to have approximately the maximum possible direct efficiency. It is also clear
that if the system meets different operating conditions the direct efficiency will be lower, according to Fig. 12.
It is preferable to have external loads higher than the nominal one since it would cause a minor direct efficiency
reduction, while the region below the straight line is a low efficiency area because the direct efficiency can
drop to very low values. Actually, for flight control EMAs, the ball screw is usually designed to resist to the
maximum possible load, which is in general very high since it could be due to wind gusts during flights.
However, in the majority of its operating life, the actuator works with lower loads, that means in this low
efficiency region. Nevertheless, again from Fig. 12, it can be noted that, considering the same external load, a
higher direct efficiency can be obtained diminishing the preload. The optimal working point can thus be varied
from the design working point, acting on the preload. On the contrary, a decrease of the preload, thought it
would lead to higher direct efficiency in steady-state conditions, would cause dynamic performances reduction,
such as diminution of dynamic stiffness and the insurgence of backlash, which are investigated in the next
paragraph. Finally, it is evident how different parameters value can produce the same direct efficiency,
therefore, alone, it is not sufficient to describe the health status of a ball screw component.

4.3. Dynamic effects of friction, backlash and centrifugal force in the contact areas

So far, all the performance evaluations have been made in steady-state conditions, calculating the direct
efficiency at several constant speeds. In these conditions, the backlash doesn’t affect the mechanical direct
efficiency since the displacement is always in the same direction and thus the backlash gap is always closed
[59,60]. To highlight the effect of the backlash, the ball screw model was inserted in a closed loop position
control system, and a sinusoidal position command was imposed to the controller, with different backlash sizes
and without external force and preload (Fig. 13). It can be noted that, the more the backlash increases, the more
the nuts trajectory distances from the set command. The effect of friction is visible as well: if the friction
wasn’t present, at the first velocity inversion of the sinusoid, the nut assembly would continue straight,
detaching from the rear backlash limit and crossing the command dashed line until it would hit against the
front backlash limit. Instead, as the command approaches the velocity inversion point, the friction acts on the
nut assembly and stops it earlier than the set position. Looking at the right plot of Fig. 13, this behaviour is
clearer if the speed of the nut assembly is analysed: it drops to zero until the nuts engage again with the screw.
Fig. 14 emphasizes the backlash effect representing the nuts position versus the screw equivalent linear



No color images in the printed version Declarations of interest: none.

20 T w
st AL Backlash = O [um]
al 15 - Backlash = 10 [am]
Backlash = 50 [um]
3t Backlash = 100 [zm]
101 Backlash = 500 [um]
2t Backlash = 1000 [zm]

---- Command S

Nuts position [mm]
o

Nuts velocity [mm/s]
(=]

-2 Backlash = 0 [zm]
Backlash =10 [um] 10
37 Backlash = 50 [um]
Backlash = 100 [zm]
-4r Backlash = 500 [um] A5 ¢
5 Backlash = 1000 [m]
1 1 L 1 _20 L 1 L 1
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time [s] Time [s]

Fig. 13. Effect of friction and backlash on a sinusoidal nut displacement command, with no preload, no external force and k,., = 1. On
the left, the nuts displacement; on the right, the nuts velocity.

5 T

4+

3_

Nut position [mm]
o

2+ Backlash = 0 [um]
Backlash = 10 [;:m]

3 Backlash = 50 [;:m]
Backlash = 100 [am]

4t Backlash = 500 [pm]| 4
Backlash = 1000.m]

-5 ! ' : ' :

6 -4 2 0 2 4 6

Screw equivalent linear position [mm]

Fig. 14. Effect of friction and backlash on the hysteresis loop obtained by a sinusoidal nut displacement command, with no preload,
no external force and k., = 1. On the left, the nuts displacement; on the right, the nuts velocity.

position. These hysteresis loops grow as the backlash increases. In this representation, the friction effect is not
present, because it can influence only the hysteresis loop of the nut position versus the imposed command.

When external force and preload are applied in presence of backlash, different conditions can occur on the
spheres of the two nuts, as depicted in Fig. 15. Six situations are represented, as well as the contact line
orientation. The entity of load on each sphere is qualitatively indicated with SL (small load), NL (no load), HL
(high load). If only the external force is applied (Fig. 15a and Fig. 15b) both spheres bear the same load, in the
same direction. If also preload is present, the load on each sphere depends upon the ratio between the preload
and the external force. If the preload is larger than the external force (Fig. 15c), the two spheres are loaded in
opposite direction but the one on which the preload and external force sum up is more charged. If the preload
is almost equal to the external force (Fig. 15d), only one sphere bears all the load, while the other is nearly
unloaded. This is the situation described in Fig. 10 for the transition points in the direct efficiency curves. If
the preload is smaller than the external force, as in Fig. 15e, both the spheres are loaded in the same direction,
determined by the external force itself, and the one on which the preload and external force sum up is more
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Fig. 16. Contact deformations calculated applying constant preload and external force according to loading condition of Fig. 15, in
presence of backlash.

loaded. Finally, if only preload is present, both spheres are subjected to the same force and the contact lines
have opposite inclination.

To verify that the model is capable to get this behaviour, constant preload and external force were applied,
with a sigmoid function to avoid numeric instabilities, according to loading condition from Fig. 15.
Deformation due to the contact forces on the spheres of each nuts are plotted in Fig. 16. These simulations
were carried out setting the external force, the preload and the friction coefficient to their nominal value and
imposing a backlash size on each nut of 0.1 mm. This means that, plotting the difference in linear position
between the nuts and the screw, this can vary between —0.05mm and +0.05mm. Further position
discrepancies are due to elastic deformation in the contact points between spheres and grooves, as shown in
Fig. 16a. The contact forces reflect the expected behaviour: e.g. in Fig. 16c¢ the sphere of nut 2 is loaded in the
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Fig. 17. Comparison between the revolution speed of one sphere obtained from the model with the result of the literature formula.

opposite direction with respect to the other, because the difference of position between the nut 2 and the screw
is negative, and the elastic deformation are minor because it is less loaded. In Fig. 16e, the sphere of nut 2 is
almost unloaded and therefore the nut 2 does not move, being in equilibrium between all the acting forces. In
every situation, the position difference reaches first suddenly +0.05 mm, i.e. the backlash gaps close, and then
elastic deformations take place.

The model capability to take into account backlash is important to be able to model more kinds of faults: the
backlash increase can be representative of the grooves wear and can produce vibrations of the mechanism. Its
effect is visible, given a known motion of the screw, on the position and speed signal of the nuts, which are
measurable with generally available sensors. The analysis of these signals can be useful to understand the
global wear level of the ball screw. Futhermore, its effect depends on the preload, which can be varied to
represent a preload lessening which can happen during the operative life of a ball screw [51,74,75].

The present model allows to obtain the normal and tangential contact forces in both the contact points of each
sphere, depending on their dynamic condition with regards to the grooves: the spheres have the rotational and
translational different degrees of freedom in such a way they can either roll or slide in both the contact points.
The contact forces could be used to assess the contact stresses, knowing the geometric parameters of the
grooves and the spheres, and hence to perform fatigue analysis and to estimate the operative life. The contact
forces are influenced by the centrifugal force, which has the effect to push the spheres towards the nut groove,
increasing the contact force in the contact point A and decreasing that in the contact point B. This effect
depends on the revolution speed of the sphere around the screw axis: the more it is high the more the centrifugal
force is significative. Neglecting the gyroscopic effects and imposing both the contact angles equal to 45°, it
can be expressed, according to [34,37], as:

1. Ty
wrew =50 (1= 2 cos(B) (25)
m
The revolution speed obtained from the model matches the result of Eq. (25). Fig. 17 shows the comparison
between the two curves, when to the ball screw is given a sinusoidal position command, depicted in Fig. 18
(a). The command starts at 0.2 s and it is initially smoothed multiplying it with a sigmoid function which vary
from 0 to 1 between 0.2 s and 1 s. This simulation has been performed imposing the external force, the preload
and the backlash equal to zero, therefore the force values are quite small since the only load is due to the inertia
and the command has a low dynamic range. The only deviations between the speed trends happen in the speed
inversion instants, highlighted in Fig. 17 with a boolean flag. When the speed is reversed, as can be seen in
Fig. 18 (d), the normal contact forces cross the zero value (which in this model means that the contact angle
sign is inverted). Therefore, there are not enough contact pressure anymore and the sphere slides for a short
time, until the contact normal forces rise again to restart the motion in the other direction. Since the motion is
imposed from the screw, the sliding occurs in the contact point B, as illustrated in Fig. 18 (d), looking at the
right vertical axis: a value of 1 means that there is sliding, while a value of 0 indicates that there is no sliding.
Obviously, having adopted a differentiable formulation for the tangential contact forces [70], there is always
a little relative speed in the direction of rolling at the contact points: the boolean index of Fig. 17 and Fig. 18
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contact forces with boolean indicator for sliding conditions (d), for nut1 (j = 1).

(d) is equal to 1 when this relative speed exceeds the threshold sliding speed corresponding to the peak of
friction coefficient, beyond which the friction coefficient starts to decrease according to the stribeck effect to
reach its dynamic value, while it is equal to O for lower relative speeds.

This transition reflects into the tangential contact forces, which goes first to zero when the normal forces are
zero as well. In this moment the sphere starts to slide but when the normal contact forces rise again the
adherence between sphere and screw groove is restored and the tangential forces exhibit a spike due to this
transition. The difference between the values of the tangential contact forces in A and B derives from the
difference between the normal contact forces, which is due to the centrifugal force (Fig. 18 (c)). As for the
contact forces, the sign convention for the centrifugal force is the same: its sign is related the screw speed sign,
but physically it is always oriented in the —n axis direction. On the sphere acts the rolling friction force too,
which is dependent on the normal forces and on the rolling friction coefficient. In Fig. 18 (b) it can be seen
that also the rolling friction coefficient is affected by the centrifugal force effect, since it depends on normal
contact forces, according to Eqns. (20-21). Therefore, the rolling friction torque is not a constant value but
vary according to the variation of the other quantities.

A similar behaviour is obtained if a backlash of 0.05 mm is injected in the two nuts, under the same simulation
conditions and inputs, as shown in Fig. 19. During the normal movement the behaviour is the same of that
without backlash of Fig. 18 (point 1): the sphere touches both the grooves with the motion imposed by the
screw. When the speed inversion point is reached, due to the backlash, the components detach from each other
and the contact forces drop to zero (point 2) and remain null until the backlash gap is closed again.

The sphere, which had an angular and linear speed along the helical path, continue to advance along the path
and therefore the relative speed increases, since the screw is stopping. When the sphere enters again in contact
with the other side of the screw groove, at first it starts to bounce a little between the grooves producing contact
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force peaks (point 3), until it remains blocked between the screw and the nut, which entered again in contact
as well. At this point the normal contact forces are still low but not null: the sphere starts to slide, progressively
decreasing the relative speed, until it goes below the threshold velocity, passing across the static friction peak
force (point 5) and returning in an adherence condition (point 1). Fig. 19 shows a qualitative graph of these
steps under the point of view of the friction coefficient.
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Finally, Fig. 20 shows the effect of backlash and speed inversion on the mechanical efficiency in dynamic
conditions. To highlight the backlash effect, the preload was set to zero while the backlash to 10 um. A
sinusoidal speed command was imposed with 200 rad/s amplitude and a frequency of 0.5 Hz. A 1 Hz
sinusoidal external force was applied with amplitude of 5 kN. As a result, also the necessary torque shows the
same frequency, superposed to that of command which can be noted looking at the torque amplitude. The
mechanical efficiency presents a drop toward zero each time that either the speed change sign or the external
force direction is reversed: these points are identified in the first subplot by the vertical dotted lines and the
power flow sign, which is 1 when the screw speed is coherent with the applied torque, -1 otherwise. In the first
situations, the ratio between output and input power of Eq. (22) assumes singular values and the efficiency
shows abrupt changes. In the latter scenario, the external force inversion causes the sphere to change contact
orientation, as can be seen from the third subplot of Fig. 20. Since backlash is present, for a short time the
backlash gap opens and no force is transmitted, and the mechanical efficiency drops. The position difference
between the nuts and the screw shows that as the external force rises the deformation in the contact areas
increases, accordingly to previously simulations.

This level of detail at the sphere level cannot be reached through the commonly used equivalent perfect ACME
screw model jointed with an elastic backlash and friction, such as those used in [69,76], and this is the reason
why this approach is more useful and precise to describe the physics within the mechanism and it will be useful
in the future analysis to support the model-based health monitoring.

5. Conclusions and Future Work

This paper presented a high-fidelity model of the rotary to linear conversion ball screw. It contributes to better
understand the relation between preload and efficiency and it introduces into a dynamic model aspects which
generally are not considered in literature, such as the backlash hysteresis, friction trends, transitions at speed
inversion and double contact point sliding of balls in dynamics. It constitutes an advance with respect to the
state of the art as it allows to obtain accurate results both in static and dynamic conditions considering only
lumped parameter equations. This involves that the computational cost and the simulation time are much lower
than those of multibody or 3D FEM models with a similar accuracy. The strong reduction in simulation time
makes it a powerful tool to improve prognostic algorithms’ effectiveness on EMAs since the model can be
used as a virtual test rig, allowing to analyse a large humber of operative conditions considering several
possible defects, establishing the basis for detailed and accurate simulations of this mechanical component
under healthy and degraded states.

The use of a fast model allows to study the influence of single or combined defects on the global performance
and how various type of faults can evolve in time and cause macroscopic effects that can be detected by data
analysis. The final goal is to capture a set of possible synthetic signals-based features that could be used to
detect the flaw state, to monitor the component health status and then to infer the residual useful life. The
mechanical efficiency can be one of those indicators because it is representative of the performance
degradation but, alone, it is not sufficient to discriminate which fault has occurred and is progressing. To
achieve such results a large database of features obtained from several simulations with different degradation
levels is required: the simulation speed is then a crucial factor for such identification.

In this work the model was used to analyse the effects of single and combined defects. First, the effect of single
parameters on the mechanical direct efficiency was analysed. Later, the influence of different parameters on
the mechanical direct efficiency was studied, with particular attention to the preload and external force
interaction. The model is capable of handling double-sided backlash efficiently and to describe in detail friction
trends and balls dynamics: these parameters’ effect on the dynamic behaviour were investigated, analysing
different possible operating conditions based on the ratio between external force and preload. Finally, the effect
of the centrifugal force on the normal and friction forces was investigated and the ability of the model to
capture the rolling-sliding conditions and transition between them in both contact points was shown with and
without backlash, together with mechanical efficiency variations during transients.

Future work will develop the model to enhance its capability to accurately describe the kinematics and
dynamics of the components within the ball screw. The intended enhancements include a more detailed
description of the preload system and of the contact forces exchanged by the spheres. Further enhancements
regard the insertion of gyroscopic effects and the modelling of the recirculating system.

Finally, experimental validation of this model is paramount to rely on its results and to use it in PHM systems.
Therefore, an experimental bench for ball screw EMAS is being set up to validate the model results. The present
model is also useful as a driver for its design, to have a preliminary idea of which dynamics can be reached
and therefore which motor and sensors have to be installed.
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Notations

A Contact point between the ball and the nut.

B Contact point between the ball and the screw.

Cr Friction torque on the screw.

Cm Motor torque on the screw.

Crs Total friction torque on the screw.

Cy Resultant force of all the spheres on the screw.

Foyt External axial force on the nuts.

Fpy Friction force on each nut.

Frr Sliding/Rolling force tangential to the helical direction.

Enax Ball screw critical load

By Preload force.

Fyr 150 Preload force indicated in the normative reference.

Fy Reaction force of one sphere on the screw shaft in the tangential direction.
F, Component of the force exchanged between one sphere and the nut in the screw axial direction.
Hy, Friction tangential force in A.

Hpg Friction tangential force in B.

H, Backlash coefficient.

I Rotational moment of inertia of a ball around its centroid.

I Moment of inertia of the screw.

M, Ball mass.

M, Mass of each nut.

P Normal force in A on one sphere.

P’ Normal force in B on one sphere.

Ztot Total number of spheres in the loaded turns.

Z Number of effective loaded spheres.

bax Maximum allowed backlash in the z; direction.

c Contact damping coefficient.

g Sliding friction function of the sphere. (I = 1, ... 6)

f Rolling friction coefficient in A.

' Rolling friction coefficient in B.

fvo Rolling friction coefficient in A independent from the sphere angular speed.
fro Rolling friction coefficient in B independent from the sphere angular speed.
fi1 Coefficient of rolling friction dependency from the sphere angular speed.

k Contact stiffness.

kox Ball screw axial stiffness.

kgc Coefficient of rolling friction dependency from the normal load in the contact points.
ks Coefficient used in the sensitivity analysis to vary the rolling friction value.
ng Number of loaded turns of each nut.

p Screw lead.

Tp Ball radius.

T Nominal screw radius.

u Rolling friction parameter in A.

u' Rolling friction parameter in B.

Vg Sliding speed in the contact points.

Vb Displacement of the ball along the linearized helical direction.
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Displacement of the screw groove along the linearized helical direction.
Average linear displacement of the nuts in the axial direction.

Ball displacement on the direction normal to the contact plane.

Nut displacement on the direction normal to the contact plane.

Screw displacement on the direction normal to the contact plane.
Screw’s nominal helix angle.

Screw’s helix angle in B.

Screw’s helix angles in A.

B,Ba, Bg Contact angles.
)

Screw angular rotation.

(o Ball screw critical angular speed for transverse vibration.

Wrep Sphere revolution speed around the screw axis.

n Mechanical direct efficiency.

Nen Theoretical mechanical direct efficiency.

9y Angular rotation of a sphere around his x; axis.

() Contact point index (i = 4, B).

OF Number of nut index (j = 1, 2).

()1 Index for referring to the nut 1.

(), Index for referring to the nut 2.
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