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Abstract:  Electromechanical actuators (EMAs) are gradually becoming a popular alternative to
traditional hydraulicactuators due to weight reduction, improved maintenance, and more feasible
torealize integrated control for flight control executive system. Regarding the utilization of EMAs
in the primary control surface, the major concern is the mechanical jamming, which is critical and
potentially disastrous for aircraft. Therefore, thejamming mechanism and jam-tolerant capability of
the ball screw transmission widely used in EMAs are researched in this paper to find the fact that
causes jam failure. Dynamic analysis of the ball in raceway and passing through the returner is
conducted considering elastic-plastic deformation, sliding friction, lubricant viscous resistance and
impact effects to illustrate the potential correlation between the jam mechanism and operating
performance. The friction self-locking critical condition for the ballin the raceway is derived, which
could be seen as a criterion for the occurrenceof the jam. The variation of contact angle and friction
coefficient in different operating conditions of load, velocity and frequency are analyzed and
compared. The structure parameters as altitude intercept between the raceway and returner, the
angle between thereturn curveand the spiralline are also discussed.

1. Introduction

With the development of the moreelectricaircraft (MEA) electromechanical actuator (EMA) are
gradually becoming a popular alternative to traditional hydraulic actuators. The electromechanical
actuator (EMA) brings weight reduction, improved maintenance and becomes more feasible to
realize integrated control for flight control executive system. However, regarding the utilization of
EMAs in the primary control surface, the major concern is the mechanical jamming which s critical
and potentially disastrous for aircraft. The mechanical jamming mainly refers to the ball screw pair
whichis widely used in EMAs.

In terms of the research on jammingmechanism, a consensus has not yet been reached. Due to
the particularity of various loads and working conditions, the bearing characteristics, failure forms
and jamming mechanisms are usually different. The dynamicbehavior of ball screw pairs under high
speed or overload are typically complicated and not systematically studied from theoretical and
experimental aspects. Accordingly, the design reliability in some extent could not be ensured. Under
the working conditions of high speed and heavy load, the collision impacts of the balls in raceway,
the plastic deformation between two contact surfaces, as well as rapidly changing curvature of the
return groove may cause jamming failure.

Therefore, the jamming mechanism and jam-tolerant capability of the ball screw transmission
areresearched and discussed in this paper to find the fact that causejam failure. Firstly, the structure
composition and working principle of the ball screw pair is introduced. Then a dynamical model is
established considering elastic-plastic contact deformation. The friction self-locking criterion for the
ballin the raceway is proposed, which could be seen as a criterion for the occurrence of jamming. The
variation of contact angle and sliding friction coefficient with different loads and speeds areanalyzed
and compared. Finally, optimized design ideas and improved operating parameters are suggested
from the view of reducing the probability ofjamming.

2.Modeling



Ball screw pair is widely used in electric mechanical actuating systems, which acts as the device
to transmit rotational motion into linear motion. The ball screw pair is composed of screw,ball, nut
and returner.In general, the motor drives the screw to rotate, which produces an axial driving force
on nut though the spiral distributed balls in raceway then outputstranslational motion to the rudder.
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Figure 1. Ball screwpair of 3D model.

Based on the exploration of previous studies, thereasons for jamming failure of ball screw pairs
could be attributed to the following situation: 1) friction self-locking due to plastic deformation or
wear in the raceway.In the condition of overloads exceeding normal level, plastic deformation and
wear accumulates gradually in the contact regions, then the contact parameters of the ball and the
raceway have changed, and finally lead to friction self-locking. 2) Fatigue damage can also lead to
jam failure. The ball screw pair subjected toheavy load in frequency reciprocating motion will easily
cause the ball to crack or the top tooth of the raceway tobreak.3) The impact deformation and wear
of the returner cause jam failure. Under heavy load and high-speed conditions, the ball will have a
strong impact when entering the raceway. The ball suffering collision force would produce large
deformation and develop serious wear.4) When theball screw pair is in high-frequency reciprocating
conditions, the stress state of theball above the top bud of the screw raceway are constantly changing,
Due to the hysteresis of the force transmission, theball may not be able to accommodate the sudden
change of the motion state, and lead to self-locking problem.

All of performances described above may cause jam failure, so a dynamic model considering
elastic-plastic deformation and impacts should bebuilt toillustrate the potential correlation bet ween
the jam mechanism and operating performance.

2.1. Contact Analysis

First, the coordinatesystems of theball screw pairsis established for the analysis of contact force,
as shown in Fig.2, in which rm and vy is respectively the pitch radius and the helix angle, as w is the
angular velocity the screw.

(@)The Cartesian coordinates and Frenet coordinates



(b) The local coordinate system

Figure 2. The ball screwspace coordinate system.

Accordingly, the transformation matrix between two coordinate system O-XYZ and O*-tnb is

describeas
X _CaSgo _Ca SaS(p cosf)? —sin2 0]rt
Y|=|CuCp —S, —S5,||sin2 cos2 0 [n] 1)
Z S 0 C, 0 0 11tb

The coordinate transformations between the local coordinates and the Frenet coordinates are

given as
X, 0 -sing, cosa, ||t
Y, |=|1 0 0 n
Z, 0 cosa, sing, ||b

(2)
The ball rolls in raceway with partial slide movement. The slip angle and sliding velocity is
defined in Fig.3, which could be written asi!l

Y, =tan™! (VY—") + 7 €))
Xo
The relationship between Vyoand Vxo could be calculated by
V,, da,+1(@,c0s0, -,sina,)
Vo T 4)
Accordingly, the slip angle and slide ratioat the contact point could be expressed as
V..
w, =tan™ (ij+n
Vyi (5)
V, d(@,-o)-t[(a,-ocosi)cosa, —o,sing, |
Vi, r, (@, —wsin 1) ©)



Figure 3. slip angle and sliding velocity.

Based on Jones” raceway control theory, assuming that the curvature center of the nut raceway
is fixed and the ball is solid, while the screw raceway could be deformed under external load, the
contact angle between the ball and screw raceway becomes different with the one between the ball
and the nut. In that situation, the curvature center of the screw raceway will deviate from the nut,

which is coincident with each other before loading.
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Figure 5. Center of curvature before and after loading.



Fig.5 shows the moving curvature center of the ball and the raceway at the contact point before
and after loading. According to geometric equation, the deformation parameter could be calculated
by following expressions:

A =BDsina’ +5, +O'R’
A, =BDcosa’ +6.

(A=X,) +(A-X,) =[(f,-05)D, +5 ] =0

X2+ X, ~[(f,~0.5)D, +5,] =0 -

The contact angle could be obtained by

X, . X,
cosa, = sina, =

(f,—0.5)D, +5, (f,—0.5)D, +5,
cosq, = A =%, ing, —— A%

(fi—0.5)Db+5i’Sl " (f,-05)D, +,

(8)
Typically, the contact deformation should be calculated first through staticanalysis to obtain the
contact angle. The plastic deformation can be obtained by

_ 2
53 - Ks Q
in which Q isnormal pressure, Ks is given as

K= 1.3x107 (P +P2) (P, +P2) / dy

The contact form between theball and the raceway changes from four -point contact to two- point
contact under the combined action of axial force and preload. Therefore, the force balanceequation
could be written as

Z
F, —Z P, sine; cos =0
= ©)

Based on Hertz theory, the normal pressureis calculated by following equations
Qn' = kn'é‘n' (10)

in which k,,,” denotes load-displacement coefficient, d,, is the dimensionless contact deformation

ky =2.15x10°(Y p, ) " (8:)
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Fig.6 Contact force in static state

2.2. dynamic model

Taking the ball moving along the screw raceway as analysis object, all the forces acting on the
ballinclude sliding friction force in contact regions, lubricant viscous resistance, inertia force due to
acceleratingand gravity that could be ignored in some extent.

-
>

2N
The angle between ~ X
b axis and Z axis

Figure 7. Force analysis of the ball suffering axialload.

When the axial externalload has the same direction with the translating velocity of the nut, the
forces acting on the ballin t-n plane and b-n plane are illustrated in Fig.8.



Tangent plane b-n Normal plane t-n

Figure 8. Force in tangent plane b-nand normal plane t-n.

Force and moment equations in Frenet-Serret coordinates system could be written as
t-direction: F,;,— F,, —F, =0
t-direction: M, +M,, — M, =0
n-direction: —Q; cosa; — Fy;sina; +Q, cosa, — Fy,sina, —F. =0

n-direction: Q, sina, + Fy, cos a,— Q; sina; + Fy;cosa; =0 (12)
inwhich Fc indicates the centrifugal force of a single ball, while Fv denotes the viscous damping force,
which canbe obtained by [

E, = mn, 0w
¢ Ed (d, m)l'95

The friction moment M,,, could be calculated by!!

j j Vi lzr _rbdg’dt’

(14)

When the direction of the axial externalload is different from the translating velocity of the nut,
the analysis method is similar toabove expressions.

Accordingly, the friction self-locking phenomenon would occur when the contact deformation
changes the contact angel and leads to a result that the sum force of friction and centrifugal force
becomes bigger than the normal force in plane t-n.

The friction self-locking criterion could be written as

_ + —
(Feo + FXi)cos(a' % j+ chin[a' % ] >(Q, +Qi)sin(a' a°j
Fi = Qi COSy;
FXo = Qo/uo cos Yo (15)

When the axial external load has the same direction as the translating velocity of the nut, the
translating velocity of the nut, the friction coefficient i equals to po, and can be both written as .
Therefore, the friction coefficient should be satisfy the following relationship



ai—%

U =sinytan (T) (16)

To simplify above expression, assumethat sin ¢ =~ 1, then equation (16) could be expressed as
sina;cosa, —cos a;sin a,

p > . .
1+ cosa;cosa,+sina;sina,

which can also be written as

> \/—Ai —AZ+(8;+8,)%428;d,—28;dp+28 5d,+ (dy—dp)?
H A3+ A3+(8;-8,)2
In which A1 and Az can be obtained by equation (7), dois the nominal diameter of the ball screw,
and db is thediameter of the ball.

17)

2.3. Force analysis of the ball in returner channel

The ballin thereturner may bestuck duetothesudden change of the working conditions caused
by the collision and extrusion between the adjacent balls and the returner. Therefore, it is necessary
to conduct a dynamicanalysis of theballs in the returner.

Under high-frequency reciprocating conditions, the contact angle between the ball O2 at the
maximum curvature position and its adjacent balls can reach themaximum value. The resultant force
actingon theball Oz will press theball against the groove surface of the returningspiral curveof the
returner, and make it difficult to turn and continue to slide forward.

Returner channel

Ball O, at the position
of maximum curvature

:© Screw raceway

Figure 9. Forces analysis at the position of maximum curvature.

Whenthe ball O2 isin a normal state of motion under the action of the thrust of therear ball, the
ball collides with theinner wall of the returner at a tangential velocity.If theball passes through the
position of maximum curvature, the thrust provided by the rear ball is not enough to make the ball
in the returner continue to roll or slide against the friction force, the ball will keep in a static state,
thatis, a jam phenomenon occurs.

The force analysis of the ballis as follows:

{fm + Fp, cosA; —Fy cosA; =0 18)
Fp — (Fo, + Fp,)sind; =0
Based on Hertz theory, the elastic contact force Fm could be written as
2
E, =k;5,, = 114my,vy (19)
Sm

When the maximum friction force in the t direction generated by the contact between the ball
and the screw raceway is still less than or equal to the required thrust of the ball, the ball will stuck,
or even jam. Consequently, the jam failure conditions of the ball screw pair can be obtained as:



Fo, = ZF, (20)

In which Foi is the thrust required when a single ball passes through the position of the
maximum curvature of the returner; Z is the effective number of balls carried by a single circle, and
Fu is the sliding friction force at the contact point between the balland the screw with themaximum
force, calculated by the following equation

Fyy = p1;Q; sini; 21

According to the current machining accuracy of the corresponding holes on the return device
and the nut, the diameter of the return circulation channel is usually controlled within the range of
0.3 mm to 0.7 mm greater than the ball diameter [18]. Therefore, the ball must pass a "step" in the
process of enteringand exiting the return channel,
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Figure 10. Force of the ballentering the nut raceway from returner.
The force and moment balanceequations when the ball enters the returner are
! H !
Fo, cosa+F cosa'+ f sina’-F, =0
., , .
Fysina’— fycosa’'+F;, —F, sina=0

keFy = Fo Ty Sin '+ Ry, cosa’ — Fy 1, sin (a+a) (22)

Where Fr denotes the normal force between the ball and raceway of the returner, is rolling friction
!

— 4 — 4
fore at contact point, fy = 1'Fy ,in which # s rolling friction coefficient, Ke = 1'%, , Fot and Fos
are the force applied to Oz from adjacent balls O1 and Os.
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Figure 11. Forces of the ball at the position entering the screwraceway.

The force analysis of theball Oz located directly above the crest of thescrew raceway is obtained



fo+ fysind + f —F, cos 4, =0
Fo—F —f,cos2,—F, sin4, =0

fs = uk
fy = uky
f, = ,uFo1
Simplified as
E 2F,

3. Numerical solution

(23)

(24)

The flow chart of the numerical solution is shown in Fig.12. Firstly, the axial deformation and

the radius deformation are calculated by equation (7) based on the Jones’ raceway theory to obtain

the initial contact angle. Then the angular velocity of theball’s revolution and spinning as well as the

slip angle is calculated. Then the friction coefficients are solved to update the contact deformation

and the slip angle until the convergence criterion is satisfied. Based on the results of friction

coefficients the self-locking condition is given to assess whether jam occurs. Table 1 gives the ball

screw pair parameters for numerical solution.

Table 1. Ball screwpair parameterslist.

Ball diameter dp 3.5mm Number of balls 2~ 44
Curvature ratio t 1.07 Poisson’s ratio p 0.3
Initial contact angle 45° Helix angle A 6.807°

. Nut/screw 0s=1152MPa  Elastic Nut/screw 2>x10°MPa
Material

) Modulus
properties  ball 0s=1617MPa e ball 2.07x<10°MPa
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4. Results

Input initial contact angle
oy a;

l

Calculate angular velocity of ball's
revolution and spinning , slip angle
Wy wp @ and Y @,

Solve sliding friction coefficient
Wi HUo

A

Update contact deformation results
6i 60

Update slip angle ¥;

%<0.001

Output results

Figure 12. Flow chart of numericalsolution.

In order to reveal the jam mechanism of the ball screw, this paper discusses the influence of
different axial forces and speeds on the contact angle, sliding friction coefficient, as well as the change
law of viscous damping force and centrifugal force. Then, the kinematics of the ball with different

frequencies is discussed.

Fig.13 shows the changing curve of the contact deformation between the ball and the raceway
with the increasing speed and axial force within 8KN~24KN. The contact deformation at this time is
the sum of the elastic deformation and the plastic deformation. It can be seen that as the axial force

increases, a certain amount of plastic deformation occurs at the contact region, and the total amount

of contact deformation keeps increasing with the axial force.
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Figure 13. Contact deformation with increasing speed and axialforce.
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Fig.14 shows the curve diagram of the contact angle between the ball and the raceway under
different working conditions.

As shown in Figurel, the contact angle ai increases with increasing speed, but decreases with
the increase of axial force, while ao has opposite trend with speed and axial force . When the axial
force Fa <16kN, the contact angle ai is higher than ao . However, as the axial force increases, the
plastic deformation has an increased proportion and the difference between the two contact angles
hasbeen shrinking, until «; # a, whereFa reaches24 kN.
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Figure 14. variation of contact angle betweenballand raceway.

Fig.15 is the curve of the sliding friction coefficient between the ball and the raceway with
increasing speed and axial force. As can be seen from the figure, since the increase in plastic
deformation is extremely small compared to the maximum elastic deformation, the sliding friction
coefficient remains basically unchanged when rotational speed keeps in a constant value. Generally,
the sliding friction coefficient willincreaseas the speed becomes high.
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Figure 15. Variation of friction coefficient with increasing speed and axial force.

Due to the influence of centrifugal force, the friction coefficient of the contact between the ball
and the nut raceway is greater than that of the contact with the screw raceway. Within the range of
the initial yield load, both the axial force and the speed have a great influence on the sliding friction
coefficient. The sliding friction coefficient decreases with theincrease of the axial force, and increases
with theincreasing speed. When the axial forceis greater than theinitial yield load, therotation speed
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becomes a key factor affecting the sliding friction coefficient, which increases with theincrease of the
rotation speed.

The revolution and rotation angular velocity of the ball are shown in Figure4. It can be found
that therotation angular velocity of the ballis approximately 5 times the revolution angular velocity.
From equations (3.30) and (3.34), it can be seen that the centrifugal force Fc and thelubricant viscosity
resistance Fu are only related to the revolution angular velocity w_m of the ball. Therefore, the
centrifugal force and lubricant viscosity resistance of the ball at different speeds are shownin Figure
4.

From Fig.17, the viscous resistance and centrifugal force of the lubricant that the ball receives
increases with theincrease in speed, but the value is very small, which has little effect on the sliding
movement of the ball. Therefore, the centrifugal force could be ignored when deriving self-locking
condition.
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Figure 16. The revolution and rotation angular velocity of the ball.
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Figure 17. The viscous resistance and centrifugal force with increasing speed.

Fig.18 is thetheoretical values of the thrust and friction force under different working conditions.
It can be inferred that when the axial force is constant, the greater the speed, the more difficult it is
for the sum of the frictional force in the tangential direction of the single-turn ball helix to meet the
thrust required by the ball passing through the returner, so it is easier to occur jam and accelerates
the failure of the ball screw pair.
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Fig.19 is the curve of the required thrust with the angle As between the return curve and the
spiral.It can be found that when the axial force, pre-tightening force and working conditions remain
unchanged, the greater the angle between the return curve and the helix, the greater the thrust
required.
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Figure 19. The required thrust with increasing angle between return curve and spiralline .

It can be seen from the above analysis that the height h and the angle between the ball return
curve and the spiral line have a great influence on the required thrust of the ball. The greater the
height and the included angle, the greater the thrust required for theball to pass through thereturner,
which makes the frictional moment abrupt and increases the unevenness of the ball's movement.
When themaximum torque that the motor can provideis exceeded, a "stuck” phenomenon will occur.
Therefore, in the design of the return device, the height difference between the return channel and
the nut raceway and the angle between the return curve and the spiral line should be minimized to
enhance the smoothness of the ballmovement and preventjamming.

5. Conclusion

This paper establishes a dynamic model of the ball screw pair considering the elastic-plastic
contact deformation, centrifugal force, and viscous resistance to analyzes the stress state of the ball
in the raceway, and discuss the influence of the axial force and speed on the contact and sliding
friction coefficient to derive the conditions that cause friction self-locking. The force of the balls in
and out of the returner is analyzed, and the influence of the height difference, the angle between the
return curveand the spiral line on the thrust required for the balls toenter theraceway is calculated.
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For the ball chainin the cycle, reducing the friction and collision between adjacent balls is beneficial
to reduce the impactload and improve the high-speed performance of theball screw pair.

From the perspective of the circulation structure, when designing and manufacturing thehigh-
load internal circulation ball screw pair returner, attention should be paid toimproving the accuracy
of the connection between theraceway in thereturner and the entrance and exit of the screw raceway.
When designing theball returning groove curve, the relationship between the tangent line of theball
rotation and the angle of rise must be handled well to make the ball move smoothly which could
avoid undesirable phenomena such asjamming, and reduce impact effects.
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