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modelled in terms of avariable stiffness (K;;) of the shaft (4).
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Descri ption

Met hod for determ ning a deadzone angle of a backlash in a
nmechani cal drive-train system nethod for controlling a drive
notor controller as well as drive-train system

The present invention relates to a nmethod for deternining a
deadzone angle of a backlash in a mechanical drive-train
system wherein the drive-train system conprises a drive
motor, a load and a shaft for connecting the drive notor wth
the | oad. Furthernore, the present invention relates to a
method for controlling a drive nmotor of a drive train system
Moreover, the present invention relates to a controller for a
drive-train system Finally, the present invention relates to
a drive train system

Backl ash is a conmon positioni ng-degrading phenonmenon t hat
shows up frequently in industrial machines. Hi gh-perfornmance
machi ne tools use backlash conpensation algorithnms to ensure
accurate positioning of the tool. As such, estimation of the
devel opi ng deadzones in gearing and other power transm ssion
components is essential.

Devel opi ng backlash in coupling equipnment due to wear is one
of the main reasons for performance degradation in machine
tool systens. Since high precision tool positioning is
fundanental for obtaining the required quality of the

machi ned end-products, backlash conpensation solutions are
used in nearly all nodern Conputer Nunerical Control (CNO)
algorithnms. This necessitates the know edge of the backl ash
offset angle in advance so that it can be used in the
position controllers actuating the nmachine axes' notors.
Under this prism online estimation nmethod may facilitate an
automati c conpensation solution for developing backlash. A
substantial amount of research has been conducted on
estimati on of the backlash phenomenon for various systens
over the past three decades. For exanple, the backlash in a
gearing system can indirectly estimated by calculating the
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bounce, i.e. the change of the speed of the driving part of
the gear due to the backlash inpact upon exiting the
deadzone. Extended Kalman Filter (EKF) are used for
estimating the backlash torque in a twd-mass motor arm based
on torque and position neasurenents. The nodelling of the
backl ash torque using a dif ferentiable function is known,
where a nonlinear observer is used for estimation of the
backl ash anplitude. This method was also validated
experinentally, wherein a sliding node observer is used for
the estimation of the backlash torque. The backlash function
paraneters are identified offline based on this estinmation.
The effect of the deadband due to backlash in a closed |oop
nmotion system was studied using describing functions. Here,
the functions parameters are calculated online using a static
relation for the controller gains. Backlash in autonotive
powertrains can be described based on the position difference
between drive motor and load. Kalman filter is used for

backl ash estimation wth 10% error. A four-paraneter nodel
for describing backlash effect for generic |inear cascade
systens is also known. The backlash identification is treated
as a quasi-linear problem using iterative algorithns.

M nimzation of a quadratic prediction error is known using
position, velocity and torque neasurenents for offline
identification of backlash torques in a vehicle driveline
system

In the previous approaches, the backlash phenonenon is
described in ternms of the resulting torque upon contact of
the two noving parts of the coupling. In the cases where the
deadzone angle is identified directly, this is done offline
or around a linearization point of the system The results
show accuracy that prohibits the use of the estinates in any
backl ash conpensation algorithnms for systems where high
precision is required.

It is an object of the present invention to provide a
solution, how a deadzone angle in a drive-train system can be
estimated in a nore reliable manner.
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According to the invention this object is solved by a nethod
for determ ning a deadzone angle, by a method for controlling
a drive nmotor, by a controller and by a drive-train system
having the features according to the respective independent
claims. Advantageous enbodinents of the invention are the
subj ect matter of the dependent clains.

A method according to the invention serves for determning a
deadzone angle of a backlash in a nmechanical drive-train
system wherein the drive train-system conprises a drive
notor, a load and a shaft for connecting the drive notor wth
the load. The nethod conprising the steps: estimating an

i nterconnection torque in the deadzone and determning the
deadzone angle depending on the interconnecting torque by
means of an adaptive estimator, wherein in the adaptive
estimator the backlash is nodelled in terns of a variable
stiffness of the shaft.

Backl ash shows up as the loss of engagenent between the notor
and the load due to the devel oping deadzone or gap in the
coupl i ng nechani sm A certain amount of backlash is required
in mating gears in order to conpensate for any thernal
expansion, allow the incorporation of lubricants and
conpensate for any potential tolerances as regards
installation inaccuracies. |In particular, the clearance
between the non-working flanks of a gear pair is referred to
as the backlash. It is forned when the load flanks are

touchi ng. Backlash can describe the |oss of engagenent
between the notor and the load. The interconnecting torque
can be the torque of the load. Here, the deadzone angle is
determ ned by neans of an adaptive estimator, wherein in the
adaptive estimator the backlash is nodelled in terns of a
variable stiffness of the shaft. |In conparison to known
deadzone nodels, in which the interconnecting torque is zero
i nside the deadzone and has a predeterm ned value outside the
deadzone, the backlash can be estimated in a nore reliable
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manner. Furthernore, the method can be performed during
operation of the drive-train system

Preferably, the interconnecting torque is determ ned

depending on the load velocity. The velocity of the load and
in particular the angular velocity of the load can be
measured. Therefore, the interconnecting torque can
determined in a sinple manner. Furthernore, t he angul ar
position of the load and the load or backlash friction can be
measured. Moreover, the angular velocity and/or the angular
position of the notor can be measured.

According to a further enbodinent, depending on the |oad
velocity, a load inertia and a load friction an error is
determined and the interconnection torque is determ ned based
on the error. Depending on the load velocity the dynamic of a
state estinmation error can be determ ned. Here, an injection
signal can be deternmined, which reaches a sliding manifold
and remmins thereafter.

It is further advantageous, if the interconnecting torque is
determined by nmeans of a sliding nopde observer. Preferably, a
second-order sliding node observer (SMO is used. In
particular, a super-twisting sliding nbde observer (STSMD) s
used for estimating the backlash torque. This value is used
in an adaptive estimator design for finding the deadzone

angl e .

According to a further enbodinent, the deadzone angle is
determined by nmeans of an adaptive estimator. For the
estimation of the deadzone angle is based on a nethod for
paraneter estimation in nonlinearity paraneterized systens.
This nethod is presented in H. F. Gip, T. A. Johansen, L.
Imsl and, and G -o0. Kaasa: "Paranmeter estimation and
conpensation in systenms wth nonlinearly paraneterized
perturbations” Aut omati ca, vol. 46, no. 1, pp. 19-28, 2010.
The basic idea relates to estimating a perturbation of the
system dynam cs that depends on the unknown paraneter and
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then finding an adaptation law for estimating the paraneter
itself .

According to a further enbodinent, the variable stiffness is
nodel | ed depending on a predeterm ned function. For exanple,

a function can be used, which is based on an arctan-f unction .
This function can include a paraneter to adapt the slope for

the change in the stiffness.

A further nmethod according to the invention serves for
controlling a drive nmotor of mechanical drive-train system
wherein the drive notor is controlled depending on the
deadzone angle, which is determned by neans of a nmethod for
determ ning the deadzone angle.

A controller according to the invention for a nechanical
drive-train system is adapted for performng a nethod for
determ ning the deadzone angle and/or a nmethod for
controlling the drive notor.

A drive-train system according to the invention conprises a
controller according to the invention. Preferably, the drive-
train system is a single axis nechanical drive-train system

The preferred enbodi nents presented with respect to the

met hod for determ ning the deadzone angle according to the
invention and the advantages thereof correspondingly apply to
the nmethod for controlling the drive notor according to the
invention, to the controller according to the invention as
well as to the drive-train system according to the invention.

Further features of the invention are apparent from the
claims, the figures and the description of figures. The
features and feature conbinations nentioned above in the
description as well as the features and feature conbinations
menti oned below in the description of figures and/or shown in
the figures alone are usable not only in the respectively
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specified conbination, but also in other conbinations or
alone wthout departing from the scope of the invention

Now, the invention is explained in nore detail based on
preferred enbodinments as well as with reference to the
attached draw ngs .

These show in:

FIG 1 in a schematic drawing, a drive-train system
conprising a drive notor, a shaft and a |oad;

FIG 2 a bl ock diagram of an open-loop nechanical drive
train system

FIG 3 in a schematic drawing a deadzone angle of a
backl ash between a drive npbtor and the | oad;

FIG 4 a stiffness of the shaft varying between two
val ues ;
FIG 5 a backlash torque using a deadzone nodel and a

varying stiffness nodel;

FIG 6 a real and an estimted backlash torque scaled by a
|l oad inertia;

FIG 7 a real and an estimated change of a deadzone angle;
and

FIG 8 an estimation error of the deadzone angle.

In the figures, identical or functionally identical elenents

are provided with the same reference characters.

FIG 1 shows a drive-train system 1 that conprises a drive
notor 2, a load 3 and a shaft 4. The drive-train system 1 is
designed as a single axis drive train system The angul ar
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velocities of the nmotor 2 and the load a denoted by w,, o,
respectively, while vy is the tool l|inear velocity. The box 5
describes the gearing and shaft dynamics and the box 6
describes the linear axis dynam cs.

A typical single-axis nmachine tool consists of a linear axis,
which positions the tool on a line. The axis is actuated by
the drive motor 2, which is typically connected to an

angul ar-to-linear notion conversion system (e.g. a ball-screw
axis) . The conbined elasticity, friction, danping and total
mass of all the nechanical conponents that connect to the
drive shaft 4 notivate a collective description of the
single-axis machine tool as a mechanical drive train. The
|atter consists of the drive notor 2, one flexible shaft 4
wi th danping and backlash and a generalised load 3 with
friction. The correspondence between the single-axis nmachine
tool and the abstraction of the nechanical drive-train can be
seen in FIG 1.

The drive motor 2 can be a permanent nagnet synchronous notor
(PM8BM , typically used for actuating |inear axes in nmachine
tools, especially for highly dynamic tasks. The notor is
position-controlled wth a controller 7. The controller 7 can
conprise a cascade of a proportional (p) and a proportional -
integral (pPl) controller, wused for the position and the
velocity |oops, respectively.

In general, the electrical <closed-loop dynamcs is nuch
faster than this the mechani cal system Moreover, since the
focus of this work is on the identification of backlash, i.e.
on the level of the accel erations, and since the torque
produced by the notor 2 is neasured, the closed-Ioop

el ectrical dynamics of the motor will not be considered here.
This does not affect he design or the estimation algorithns
as it will becone clearer later in the analysis.

The dynamics of the nechanical drive-train system 1 reads:
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3
wmzﬁu—ﬁTFm T (1)
O = Wy (2)
1 1
wp =7 Tey + 7T (3)
6, = w, (4)

w, is the notor angular velocity, 6, is the notor angular
position, w, is the load angular velocity and 6 is the |oad
angul ar position, u is the torque command, T k6 is the notor
friction, Tp,is the load friction or the backlash friction
and T, is the load torque. J, is the notor inertia, J; is the

load inertia and N is the gearing ratio.

In the backlash-free case an interconnection torque or |oad
torque T, is given from

nzkgﬁan—m)+a(%@n—wo (5)

K, is the shaft stiffness, D, is the shaft danping

S S

coefficient. K,, D, and N and are assuned to be known. The
friction torques acting on the drive notor and the |oad
express different frictional phenomena. Tp, cones nostly

from the contacting surfaces of the nmotor bearings while Tg,

describes the total Coulonb and viscous friction in the |oad..

The two friction torques are nodelled as described in the
foll ow ng equations:

TF,m = TC,mSgn(wm ) + B (6)
Try = Teysgn(w,) + fiw, (7)

Tcm is the Coulonmb friction on the notor and T,; is the
Coulonb friction on the load. (B, is the notor viscous
friction coefficient and Bi is the load viscous friction
coef ficient . 7., T.,. B, and B, are considered known and
constant. sgn(.) is the signum function defined as:

1 if&>0

sgn(© =10 ifé=0
—1if&<0
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FIG 2 illustrates a block diagram of the drive-train system
in open loop. The block |abelled "DZ" represents the backlash
zone.

Backl ash shows up as a |oss of engagenent between two noving
parts (e.g. nmotor 2 and load 3) due to a devel oping gap
(deadzone) in the coupling nechanisnms as shown in FIG 3.

Al ternatively, the backlash phenonenon can be interpreted as
either a sudden change in the load inertia or even in the
shaft stiffness. In general, the backlash torque is nodelled
after the restoring and danping torques in a mass-spring-
danper system Wile in the deadzone, these two torques are
either vanishing or becomng very small, nearly zero. A
nunber of studies have been carried out regarding the
description of the torques due to backlash. The nost
intuitive and common one is the so-called deadzone nodel, in
which the interconnection torque T, becomes =zero inside the
deadzone. CQutside the deadzone the angle difference is offset
by the width of the deadzone angle 5. An approach is known,
where the ratio of the angle differences over the deadzone
width is considered. Dynam cal nodels are known, which
pertain to expressing the backlash torque as a sudden inpact.
The torque is again given by a mass-spring-danper system
where the elastic linear relative deformation of the two
colliding coupling parts has its own stiff dynamcs. A
different dynam cal nodel is known, in which a backlash angle
0 is defined and its dynamics is used for calculating the

i npact torque. Mst of the above-nentioned backlash nodels
are effectively describing the phenonenon but they typically
become difficult to use for control and estimation purposes
due to their heavy discontinuities that often create
nunerical issues. This problem becones even nore apparent for
non-constant deadzone, i.e. when the backlash angle 9o
increases over tinme due to wear.
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A nodel for backlash, based on changing shaft stiffness,
which is suitable for deadzone estimation and nonitoring wll
be presented and will be conpared to the deadzone nodel.

Defining the angular position and velocity difference between
drive nmotor and |oad as:

A0 £ —0, — 6, (9)
a1

Aw:;wm—wl (10)

The interconnection torque T, in the deadzone nodel is given

by:

Dz {KS(AO — 8 -sgn(A0)) + DsAw  if |AB] > &
TP? = (11)

0 if|ael < &

The proposed nodel is based on a factorization of the

backl ash torque with respect to the shaft stiffness. The
latter is very small, virtually zero, inside the deadzone and
assunes its nom nal value outside of it. The transition
between the two extrene values of the stiffness is steep but
smoot h. The corresponding torque reads:

T, = 86 - 8 - sgn(86) + 22 Aw| - Kz, (46, 6) (12)
S
Ky, = % [n + arctan(a(A@ — 6)) — arctan(a(AH + 6))] (13)

a is a large positive real nunber that paranetrizes how
stiff the change in the stiffness is. For a—>o, it is clear
that T, > TP%. This can also be seen in FIG 4, where the
stiffness Kz (A9,6) and the corresponding backlash torques are
plotted for different values of the paraneter a. FIG 5 shows
the backlash torque TP% T,for a sinusoidal A# using a
deadzone nodel and the varying stiffness nodels for different
val ues of the paraneter a.

Here, the deadzone angle & should be estimation for dive-
train system 1. This can be summarised in the follow ng
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problem formulation: Gven the single-axis drive-train system
described in equations (1) to (79 and the backlash nodel in
equations (12) and (13), design an online dynam c estimator
for the deadzone angle & with the follow ng requirenents:

Maxi mum estimation error smaller than 103 rad and asynptotic
convergence to the real paraneter val ue.

The estimation of the deadzone angle & belongs to the famly
of problenms of online paranmeter estimation in systens wth
nonl i near paranetrization . The approach followed here is
based on a nethod for paraneter estimation in nonlinearly
paranetrized systenms presented in H. F. Gip, T. A. Johansen,
L. Imsland, and G -o. Kaasa: "Paraneter estimation and
conpensation in systems with nonlinearly paraneterized
perturbations” Automatica, vol. 46, no. 1, pp. 19-28, 2010.
The basic idea relates to estimating a perturbation of the
system dynam cs that depends on the unknown paraneter and
then finding an adaptation l|law for estimating the paraneter
itself .

The system dynamcs is described by:
x = f(t,x) + gt x)[ult,x) +d(t,x 8] (14)

where x € R™ is nmeasured, f:R,oXR" > R" and g:R;y X R®" » R™™
are the unforced system dynamics and time-varying input gain,
respectively, which can be evaluated from the neasurenents.
6eEDcR is the unknown paraneter ,u e R™ is the control input
and d: R, X R" XD - R™ is a known matched disturbance vector,
which can be evaluated if & is known. The nmethod pertains to
finding an estimation ¢ of the perturbation

d = g(t,x)d(t,x,6) (15)

and then derive an adaptation |aw

~

§=pt,x$8) (16)
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for estimating the unknown paraneter.

Regarding the drive-train system 1, since all the states are
measured and the unknown paraneter & affects the dynam cs of
both the notor and the load in the sane way, i.e. through the
torque T,

Ir

either of the subsystens in equations (1), (3 can
be chosen to apply the method on. For sinplicity, the Ioad
velocity dynanmics is chosen. The system can be witten in the
form of equation {14) with f(w;) :]ilTF’l, g:]il and d(x,8) =T,

where T, has been defined in equations (12), (13) and

x 2 [wy Opw0,]7 is the state vector of the drive-train system
1. The method is divided in tw parts: estimation of the
perturbation ¢ and derivation of the adaptation law p(x,¢,3§).

A second-order sliding npde observer (SM) is used for
finding an estimate of ¢@. In general SM3s can offer finite-
time estimation of unneasured states by using high-frequency
injection signals in their design, which depend on the
observer innovation term By doing so, the estinmation error
dynam cs reaches the sliding manifold, i.e. a manifold on
which the error is zero, and remains thereafter. Thi s
provides at the same time an estimation of any unknown
perturbations that affect the system dynanmics. This can
become clearer in the follow ng:

The load velocity dynanmics presented in equation (3 and a
SMO given by

A 1 ~
wzz—]—lTF,z+V(wz) (17)

are considered, wherein &, =w;—&; is the state estimtion
error and v is an appropriate high frequency term depending
on the innovation signal &;. Define the sliding manifold
S={@,ER:@, =@ =0}. The estimation of the state estimation

error reads :

~ . A 1
(l)l:(l)l—(l)l:]—lTl—V (18)
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If the error dynamics reach the sliding manifold, then &, =0
for all future tines, which neans that v:]iTl. In other
1

words, if the injection signal v is designed such that the

estimation error dynamics reaches the sliding manifold S and

remains thereafter, then the unknown perturbation ¢>:—]iTl i's
1

estimated by v. The design of v is given in:
1
v =k |@,2sgn(@;) + k, fot sgn(@,(1))dr (19)

where k;, k, are positive gains. The resulting observer is
called the STSMO and it was proven that for appropriate gains
ki, k, the termv brings the observer error dynamics on the
sliding manifold s. Hence, the unknown perturbation can be
estimated by equation (19), where

~

o=v (20)

The choice of a second order SMO for a system of relative
degree 1 (the subsystem is scalar) was nmade due to the
property of higher order SMOs of alleviating the chattering
in the injection and estimation signals.

The estimator design is inspired by the method proposed in
Gip et al. for the estimation of unknown paraneters. For the
rest of the analysis it is considered that the unknown
paraneter 5 lies in a conmpact set D cR and the backl ash

angle estimation error is defined as §=6—4. For

determining the backlash error angle estimator three
assunptions and one theorem are used:

Assunption 1: There exists a piecewi se continuous function
:R* > R,, and a function w:R*xD - R, both of them bounded for
bounded state vector x, such that ¥vx€eR and all pairs

61,6, €D,

106, 61) 15 (6,62) 2 0 (x) (21)
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Assunption 2: There exists a positive real constant nunber
L > Osuch that Vvé§,,6,€D,

]il|Tl(x,6)—Tl(x,<§)| SLW/U(x)|<§| (22)

Assunption 3: There exist positive real nunbers T,e such that
vVt € Ry,

f:+TO'(X(T))dT > (23)

Theorem 1: Consider the dynamcs of the |oad velocity

expressed in the form of equation (14) with g :]l and
l

a(x,0) = Ti(x,0) defined in equations (11) and (13). The
adaptive estimator

5 = p(x, (ﬁ, 3) = Proj [S,yu(x, 3) (cf) —]ilTl(x, 3))] (24)

with y> 0 being the adaptation gain, ¢ an asynptotic
estimte of ]iTl and proj(.,.) the projection operator defined
1

in V-A, ensures that the estimation error § asynptotically
converges to o, uniformy in x if assunptions 1 to 3 are
satisfied.

Inspired by Gid et al. and assum ng constant deadzone angle

0, the dynamcs of the paranmeter estimation error can be
witten as

§=86-6= —Proj [S,Vu(x, 3) ((f) —]ilTl(x, 3))] (25)

Substituting the asynptotic estimate ¢ with the real
perturbation ¢ in (25 yields

§ = =proj 8,y 8) (1:(x,8) = Ti(x.6) oo

In the followng the shortened notation wll be used
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U= y(x, S)
T\l = Tl(x, 8)

The Lyapunov function candidate is defined as

v(t,8) = (—— [7 e Do (x(2)dr) 62 (27)

where k is a real positive nunber to be defined. The function
is positive definite since

1

¥ supxer 0 (x)

(G =K supeeno(0) 18] < V(. 8) < S|8]" for k<
The time derivate of V along the trajectory of the
estimation error reads:
U | A | A
= - s t,6 =

v(t6) =5 (t,6)+66( )

1 20 —Kf e g (x(1))dr

2 at

(1
) ——Kf et- T)a(x(r))dr>6 =

14 £,

=42 o f e(t- T)a(x(r))dr—fooie(t"f)a(x(r))dr

2" |ot o o Ot

81P '[8 1(T f)]
—8=Proj|8,yu-—(T, —

" J [0, Yl 7 1 1
+81 [ e Do (x(1))dr - Proj [8, Vi -]il(Tl - Tl)] (28)
Using the property

1 . 1 _ 1 _
—5=proj |8,y = (1, - 1) < =S yu - (T =T
14 Ji Ji

as well as the property
t+T

fooe(t‘f)a(x(r))dr > e‘Tf o(x(1))dr,T >0

t

equation (28) gives
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. N K . t+T
tqua)zzﬁz(aag—e-Tf 0@(0ﬁh>
—Sf u——(6+p6)6dp
Using assunptions 1 to 3 in the inequality above and

introducing M, Y as upper bounds for |u(x.5. [oc(01.
respectively vyields

V< (u——)a(x)62——ee"T62+K ‘MY o(x) |6| = —yTQy (29)
wher e
Y’ =[|5] Jo|5]]
Ege—T _L MZ
2 21"
Q= K M. K
—z—le > Sy

From inequality (29) it can be seen that V is negative
definite if k is chosen as

< ——— (30)

T—m o
2eJ3M2y2y2

and by Lasal |l e- Yoshi zawa theorem the equilibrium point §* =

is uniformy asynptotically stable, which conpletes the
pr oof .

The final steps of the design concern satisfying assunptions

1to 3. Selecting pu(x,8) as

(e 8) = 20 (x,6) (31

Condition (21) is satisfied with

aTy

000) = 2(L)" =L (0.8) + x5 (32)

0
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where y;, X, are defined as

x(x, 3) = sgn(A0) - [n + arctan (a(AH - 3)) — arctan (a(A@ + 3))] (33)

&) — _&- Ds . i a
x2(x,8) = [AH 6 -sgn(A8) + e Aw] {1+[a(A9—8)]2 + 1+[a(A9+8)]2} (34)

Since x and o(x) are bounded and D is compact, it is easy to
show that there exits L > o, such that condition (22) holds.
The inequality ftt+TO'(X(T))dT > ¢ expresses a type of

persi stence of excitation (PE) condition. From equations (32)
to (34) it can be seen that this condition does not hold if
during the time interval (t,t + T] the system is always wthin
the deadzone. This, however, is expected, since in that case
there is no engagement between notor and |oad, hence no
informati on about the stiffness of the shaft connecting them
The adaptation |law for the paraneter estimate § is finally

gi ven by:

§=Proj{3,y%§%(x,<§) [cf)—]llTl(x,S)]},y>0 (35)
wher e

55 (08) = Z[a(x.8) + 2 (x.9)] (36)

It is interesting to note that the selection of the specific
p(x,g) function results into a gradient-type adaptation |aw,

which is very comobn in the literature of adaptive

techni ques. Although for nonlinearly parametrized systens it
does not always guarantee paranmeter convergence as it does

for linear-in-the-paraneters systenms, it is a natural first

choice for the adaptation I|aw

In the algorithm for the backlash angle estimation, w,,, 9y,
w;, 6 and T, are nmeasured. The output is the deadzone angle
5. In a first step, a STSMO for the load velocity is designed
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according to equations (17) and (19) is designed. In a second
step, the backlash torque according to equation (20) is
estimated. In a third step, the adaptive estimator for the
deadzone angle o according to equations (33) to (36) is

desi gned.

The drive-train system was sinulated so that the performance
of the estimation algorithm could be assessed. A PI
controller is used to regulate the drive notor velocity into
following a sinusoidal profile a),rnef = Qsin(vt). A 5% change in
the deadzone angle & is considered for the evaluation of the
algorithm The velocity nmeasurenments are afflicted with white
Gaussian noise w~N (0,02,.4) . Hgh precision absolute
position encoders are used and the error due to quantization
is ignored. The conpact set 9 is the real axis interval [o,
1], the estimator is initialized at §(0) = 8,y is chosen to
be 0.1 and the sanpling tine is 2 ms.

FIG 6 shows the real torque J,¢, /;¢ applied in the system
according to the deadzone nodel and its estimation by the
STSMO. A small lag can be observed in the estimation of ¢,
whi ch, however, does not affect the performance of the
algorithm Increasing the gains k;.k, of the observer reduces
the delay in estimation but makes the nmethod nore sensitive
t o neasurenent noi se.

The real deadzone angle & and estimated deadzone angle § as
well as the estimation error & are shown in FIG 7 and s,
respectively. 1t can be seen from the plots that the deadzone
angle & is estimated in less that 1 s (200-400 ns) and in
sufficient accuracy. Specifically, the average steady state
estimation error is less than 2-10-% rad, which is smaller
than the order of magnitude for positioning precision in
machine tool applications (103 rad) . Larger sensor noise has
a direct inpact on the speed of convergence and the steady
state deviation.
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A nethod for deadzone angle estimation in a single-axis
drive-train wth backlash has been presented. After the

i nterconnecting torque acting on both notor and load is
estimated using a STSMO, an adaptive algorithm is designed
for estimating the deadzone angle 5. The nethod was tested in
a simulation framework, where the adaptive estimator was able
to track the real value of the deadzone angle 5, as well as a
5% increase in the backlash. The paraneter convergence was
achieved in less than 1 s and with precision in the order of
2-10°% rad. Such precision allows for use of the estinated
paranmeter in backlash conpensation algorithnms, typically
present in machine-tool applications. Mreover, detection of
changes in the deadzone angle & can infer a neasure of wear
assessnment in the mechanical conponents (i.e. gearing,
coupling nechanisns etc.) of the system
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C ai ns

1. Method for determning a deadzone angle (s5) of a backl ash
in a nmechanical drive-train system (1), wherein the drive
train-system (1) conprises a drive notor (2, a load (3 and
a shaft (4 for connecting the drive notor (2 with the |oad
(3), the method conprising the steps:

- estimating an interconnection torque (T1;) in the deadzone,
- determning the deadzone angle (5) depending on the

i nterconnecting torque (T1;) by nmeans of an adaptive

esti mat or,

- wherein in the adaptive estimator the backlash is nodelled
in terns of a variable stiffness (K,,) of the shaft (4) .

2. Method according to claim 1, characterized in that, the
i nterconnecting torque (T1;) is determ ned depending on the
angul ar load velocity (w;).

3. Method according to claim 2, characterized in that,
depending on the angular |oad velocity (w;), a load inertia
i) and a load friction (t,,) an error is determned and the
i nterconnection torque (T1;) is determ ned based on the error.

4. Method according to 2 or 3, characterized in that, the
i nterconnecting torque (1;) is determned by neans of a
sliding node observer.

5. Method according to any one of the preceding clains,
characterized in that, the deadzone angle (5) is determ ned
by nmeans of an adaptive estinmator.

6. Method according to any one of the preceding clains,
characterized in that, the variable stiffness (K,,) is
nodel | ed depending on a predeterm ned function.

7. Method for controlling a drive notor (2) of drive-train
system (1) , wherein the drive notor (2 is controlled
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dependi ng on the deadzone angle (8), which is determned by
means of a nmethod according to clains 1 to 6.

8. Controller (79 for a mechanical drive-train system (1),
which is adapted for performng a nmethod according to clains
1 to 6 and/or a nethod according to claim 7.

9. Drive-train system (1) conprising a controller (7)
according to claim 8.

10. Drive-train system (1) according to claim o,
characterized in hat, the drive-train system (1 is a single
axi s mechanical drive-train system
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