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Abstract: This paper presents a complete calculus algoritbrrsélecting the optimal servomotors of the
kinematic chains included in the numerically colit® axes (NCA) of machine tools (NCMT) and indus-
trial robots (IR). The algorithm can be applied footh type controlled axes, i.e. industrial robcsd
machine tools, as well as either rotation axisranslation axis, regardless of their mechanicausture.
The presented calculus algorithm includes six mafeps: defining the working cycle motion diagram f
the operated mechanical system and complementpuy @ata; identifying the static and dynamic forces
applied to the driven system during operation amel $pecific mechanical structure on NCA (i.e. dpeci
transfer ratio of each included mechanism); prefiary selection of the driving servomotor by chegkin
the kinematic criterion; determining of the totasistant equivalent load applied on the driven elein
secondary selection of the driving servomotor bgc&ing the static and dynamic criterion; and tenyia
selection of the driving servomotor lehecking the performance parameters related to Kilematic
chain driving (acceleration time, braking time, w@motor's thermal behavior). The motor finally chios
represents the optimum solution for driving the N@Aerms of satisfying all imposed criteria (kingta
criterion, static criterion, dynamic criterion) ancbmplying as well the necessary performance requir
ments for NCA's electro-mechanic driving system.
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1. INTRODUCTION As concern the most important references from the
L technical literature presenting the methodologysiaing

Electric motors sizing, has been largely investdat
by many authors especially the last two decadescép

ly due to improvement in servomotors design and per ... sizing based only on the total inertia of the-

formances. From thls_pomt of view a IMPressive bam chanical components included in NCA's associated ki
of papers may be cited are references in servomotor

. I ﬂ g gl ematic chain structure, as well as the motor Select
sizing process as well as software product may u process based on the requirements for the nommml a
for preliminary selection and partially checkinghofish peak torques necessary to be supplied by the servom
/ brushless Df(ihand synchrogouls ACI SeQ’OTOtors_'fHOWior). According to this paper [2fhe following motor
ever, many O, ese papers deals only about SOBwISp sizing objectives may be considered: to identify Her-
ic application’s servomotor sizing (for mecha_troeys-_ vomotor able to supply the necessary maximum speed
tems, IR or N.CMT specific N.CA or are offering an in required to achieve the maximum speed of the driven
complete or limited perspective for final servonrsto

lection / final checking d hei . element; to identify the optimal transfer ratiovee¢n the
FS)?OZCCI;?” inal checking due to their restrictiep- motor inertia and total inertia of the driven inarioad;

That is wh : f lier of . to match, as much as possible, the servomotor'snadm
atis why starting up from earlier o PFeY'OU‘?’W and peak torques with resistant torques generatetieb
decades the authors have been involved in invéstigga driven load; to achieve the best servomotor peréoice
the related available calculus methodologies asting ;

. . at the best available price.
the results that may be obtain from different seretor's P

o : Generally [1, 2] from above point of view, the sigi
sizing software_ packages. As result (_)f_these warksal and selection of a servomotor is based on the legico
calculus algorithm for complete sizing and complex

checking of brush / brushless DC and synchronous A of torques and inertia required by both the medtaini

has b lish and included icial Gstructure and the kinematics (speed and accelaratio
servomotors has been accomplish and included iniape conditions) necessary for a specific applicatiofbe
dedicated university courses [1].

motor selected must safely operates the drivenegierh
mechanical structure, while providing sufficientrqoe
. _ _ _ and speed. Once the prerequisites needs are sk&bli
Bﬁé’r:;?zzg’”gé”rgaﬁgho" 313 Splaiul Independentei &ctor 6, (i tarms of specifying NCA's kinematic and dynaspjc
Tel.: +40744923533: Fax: +40212691332 it is relatively easy to analyze and then to chotise
E-mail addressafnicolescu@yahoo.cogA. Nicolescu), suitable servomotor for a specific application,heit

servomotors one of the most complete methodology is
presented in [2] (however, with an special emphasis
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having at disposal the torqepeed diagram, or the mot
specificationsHowever, some final checking procedu
for identifying the optimum selected vomotors are not
presented in [2], eggially the ones related iselection
of the driving servomotor by checking the perforeca
parameters related to full kinematic chain driv{agcd-
eration time, breaking timeas well asservomotor's
thermal behavior checking).

For this last purpose semotor's (thermal behavis
checking), it may be foud a good approach in paper
dealing especially about this aspect. However, dte
paper intends to present an fafitimum selection cau-
lus algorithm for servomotor selection some aspe
related to servomotor's thermia¢haviorevaluation are
guestionablgespecially for final temperature of ther-
vomotor evaluation) and different NCA structuresily-
sis, than the studied one, are missing as. Useful
applicative aspects from the papeay be remarked i
terms of identifying the thermal energy dissipaitedC
brush motor windings as well as identifying of teli-
mal transfer ratio for the gearing system includec
NCA's mechanical structure from the point of view
minimizing the tlermal energy dissipated in servomc
windings.

As concerrthe last issues highlighted ensufficient
founded in previously mentioned papers a compn-
tary approach on specific issues dealing aboutildéi
servomotor's thermal behavianalyses may bfound in
[4 and 5]. The servomotor finallghosel following up
methodologies presented in these pajrepresents the
optimum solution foran optimum selection of NCA
electric driving servomotorin terms of satisfyingm-
posed criteria for servomotor'efformancesand as well
complying the necessagomplete servomotor's therr
behavior evaluation.

Besides all aspects previously presented a com
methodology for optimum selectiddCA's electric driv-
ing system need to take account about specific
mechanical structure. From this point of vidR's or
NCMT's NCA may beclassified as translation ax
(Figs. 1 and 2) and rotation axes (Figsand 4).

In structural terms, IR's andNCMT's translation
NCAs can be differentiated by the integramotion’s
nature transformation mechanism, as follc
- NCAs provided with ball screw mechanism (Fig.

- NCAs provided with a rackinion mechanism (Fig. -

Fig. 1. Example 1 - Translation axiscluding ballscrew mech-
anism: 1 - servomotor; 2first coupling 1; & first shaft; 4 —
driving gear (z1); 5 — driven gear (z2); 6econd shaft; 7 —
second coupling; 8 —ball screvbearings partial assembly—
carriage; 10 — object
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From a functional perspective, the second categb
translation N@s may be used to achieve any of
stroke lengths besides the first one categoryaofstation
NCAs is usually used to achieve a maximum 3 me
lengthof mobile element's strol

Fig. 2 Example 2- Tanslation axiincluding rack and pinion
mechanism: 1 — servomotor; Zirst coupling; 3 — first shaft;
4 — driving gear (z1); 5 ériven gearz,); 6 — second shaft; 7 —
second coupling 2; 8 rack and pinion mechanisi
9 —carriage; 1(- object.

15\ T

Fig. 3. Example 3. Rotation axiacluding external gear drivin
system: 1 - servomotor; 2first coupling; 3— first shaft; 4 —
first driving gear %,); 5 —first driven gearz); 6 — second
shaft; 7 — second driving geax){ 8 — second driven geaz,j;
9 — third shaft; 10 second coupling 2; 1- fourth shaft; 12 —
third driving gear %5); 13 —third driven gearz;); 14 — rotary
table; 15 -object.

Fig. 4. Example 4Rotation axis including internal gear drivi
system: 1— servomotor; 2first coupling; 3— first shaft;4 —first
driving gear &,); 5 —firs driven gearz); 6 — second shaft; 7 —
second coupling; 8 third shaft; & second driving geaed);
10 — second driven gear), 11— rotary table; 12 — object.
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2. OPTIMAL SERVOMOTOR SELECTION

CALCULUS ALGORITHM
1

As previously mentioned, the calculus algorithm in-
cludes six major steps [1, 4]:
1. defining the working cycle motion diagram foeth
operated NCA;
2. identifying the static and dynamic forces applie
the driven system during operation;
3. identifying the mechanical structure on NCA .(i.e
specific transfer ratio of each included mechan)sms
and preliminary selection of the driving servomotor
by checking the kinematic criterion;
4. determining of the total resistant equivalerdado
applied to the driven element;
5. secondary selection of the driving servomotor by
checking the static and dynamic criterion;
6. tertiary selection of the driving servomotor by
checking the performance parameters related to ful
kinematic chain driving (acceleration time, braking
time, servomotor's thermal behavior).

The motor finally chosen represents the optimum so-

lution for driving any NCA in terms of satisfyingla
imposed criteria (kinematic criterion, static crid@,
dynamic criterion) and complying as well the neaegs
performance requirements.

2.1. Step 1. Defining the working cycle motion dia-
gram for the operated NCA

The working cycle motion diagram represents the
kinematic basis for the operated NCA. It includdls a
specific kinematic requirements for the driven NCA
(proposed kinematic objectives for both the medtani
structure and the electrical driving system) aciwig
application specificity (rotation / translation rimt as
well NCA integration into NCMT / IR's general assem
bly). For this purpose, the working cycle motioagtam
is usually elaborated as a speed - time diagraldiny
specific motion profiles and kinematic parameteakigs
for all motion phases included in the working cycle

For each phase of the working cycle a motion peofil
need to be specified and specific kinematic pararset
defined. The most used motion profile for driver-el
ments kinematics characterization is the trapetgda
file. It includes three motion segments: the fose for
driven element's acceleration, the second focdtsstant
speed motion travel and the third one for drivesmadnt's
deceleration.

From this point of view, Fig. 5 presents a working
cycle motion diagram specifically for a linear nuooti
NCA included in an pick and place IR. The specific

working cycle motion diagram includes three phases;

phase 1 and phase 2 participating both to the falwa
direction travel but generating partial strokesrahter-
ized by different constant speed values ) and total
travel times {o + t; + t, andts + t4 + t5) and respectively
phase 3 for a single reverse direction travel dtarized
by a third different constant speed valwg)(and total
time travel {5 + t; + tg). For each phase, acceleration and
deceleration times are equid £ t,, t3=ts, tg=tg) and set
by taking account the driving system's capabilityper-
form these transitory operations. The total lergjttior-
ward travel resulting by cumulated motion travel thee
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Fig. 5. Sample of working cycle motion diagram including
three motion phases (I, Il, lll), forward directitmavel (blue
arrow mark) and reverse direction travel (red arnoavk).
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Fig. 6. Identifying the static and dynamic forces appliedhe
driven system during NCA operation: friction for¢€s) —
green arrow mark; inertial forceB;{ — blue arrow mark [1].

first six motion segmentso(t;, ...,ts) is the same with the
total reverse travel resulting by cumulated mofanthe
last three motion segments,(t;, ts). Total forward travel
(for phase 1 + phase 2) and reverse travel (fos@l®)
represents the programmed maximum travel lengtieto
reach by driven element.

2.2. Step 2. Identifying the static and dynamic fares
applied to the driven system during NCA opera-
tion
Considering the working cycle motion diagram pre-

sented in Fig. 5, next step in the calculus albariis to

identify and represent on the motion diagram (Bjgthe
friction forces F; — green marks in fig. 6) and respec-
tively the inertia forcesH; — blue marks in Fig. 6) ap-
plied to the driving system (acting on the drivéengent
as well as generated by the rest of componentaded

in the mechanical structure of the NCA). In Figth@

friction and inertia forces are represented folheaotion

segments of the three motion phases: phase 1 afdrw
high speed positioning through the characteristiotpof
picking-up the manipulated object; phase- Zransport-
ing forward the picked- up object, by reduced speed,
through the end point position; phase 3 reverseetra
from the end point position to the start point gosi by
high speed positioning after object deposition.
Accordingly the specific application that includbe

NCA, loads acting on the driving system may vaome

specific aspects being necessary to consider [1]:

for measuring / dimensional control / inspectioraer

well non conventional machining (laser / plasma /

high pressure water jet etc.) the inertial loadgliad

to NCA's driving system a related only to inertial
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forces generated by IR's own components as well as Y,y = rotation> Yy =0 oy, (6)
IR's specific end-effectors; .

« differently as previously case, in pick and plage a Your =rotation Yoyt =Wnec_ driven_et»  (7)
plications, (machine tending, transfer / transpast, For both above cases the total transfer ratio ffier t

sembly, palletizing etc.), the external loads amplio  overall kinematic chain associated to NCA's specifi

the driving system varies between phases 1 / pBase mechanical structuré; , may be calculated by follow-
and respectively phase 2, due to manipulate object’, «

weight / inertia that need to be considered adutitio ing equation (8): o
ly to own IR's components weight / inertia. it =10 05 L.y, (8

« for IR's machining applications (by self driven l®0 where:i,li,[i;[... represent the partially transfer ratio of

end-effectors) or NCMT applk_:ations, supplem_entqryeach subassembly / transmission mechanism inclided
to the above mentioned friction forces and mertlaINCA.a mechanical structure, as may be a planetasy g

forces, in _determining the total loads applied t0 hox (9), a harmonic drive gear box (10) or a cytAbi
NCA's driving system external forces resulting from drive gearbox (11), as well as a spur gear trarsomis

machining process need to be considered. (12) or worm gear transmission (13)

o . ip =i , 9
2.3. Step 3 Identifying the mechanical structure on 1 7 "Planetary_gear_box ©)
NCA and preliminary selection of the driving i1 = I Harmonic_drive » (10)
servomotor by checking _the k|nem¢_';\t|c criterion iy =icycloidal_drives (11)

For selecting the appropriate electric servomater t
first condition that need to be accomplish is theeknat- iy =ispur gear -4 (12)

ic criterion that may be express [1] by followingua- &)
tions (1), (2):

i =i = (13)
—\/N_max_sm max 1~ 'Worm_Gear ’
Yout = driven_el 2 nec_driven_el 1) rAYe
max ' and iy, represents the transfer ratio of the motion trans-
YOUT 2 nec_driven_el » (2)

forming (conversion from rotation into translation)
where, mechanism, which usually may be a ball screw-begarin
Vave st is the maximum speed of the driven ele- (14) or a rack and pinion mechanism (15):
n I

ment that may be obtained when the servomotor is i = ——» (14)
functioning on its maximum available speed and 23‘
: . m
*  Vnee driven_el IS the maximum necessary speed of the i = 5 P, (15)

driven element imposed by application specificity. As result, the transfer equations for NCA's mechani

In order to determq,; the transfer equation (3) for 5 gyryctures previously presented in Figsé nay be
the full kinematic driven chain need to be exprdsae  rewrittten as follows (16):

follows:
ma — —Mma 1 p
nec_xdriven_el - lI’neciSM EE_ GZE‘[
Your =Yin O 3) 2
. . . max max E'Zi mljp
where, Y,y the input motion,Yo,r the output motion hec driven el = @nee SM E—IT
. . . - - - Z
and iy  is the total transfer ratio for the overall kindma 2 (16)
ic chain associated to NCA's specific mechanicalcst max _ —max 1 3
t P mnec_driven_el - mnec_SM E]z_ i E'Zi
ure. Z, 7, Z
However, in equation (3) accordingly the specific
NCA's type and structure following differences may W driven e|=tI)nm(:‘CXS,\,|GZiGZé
appear: - T L 4

and the maximum necessary speed of the servomotor,

+ case 1: the input motiory,y (4) is supplied by a can be determined as follow (17):

rotary electric servomotor and the output motion max
Yout (5) is obtained as a translation motion of a "car- Vi — _nec_driven_elem
riage / slide" driven element (specific NCA's struc - 4apgh
tures previously presented in Figs. 1 and 2) z, 2[1m
max
YN = rotation<> Yy = ereaciSM ) 4) mrq]e?:x o :Vnec_driven_elem,
. - z Mz
Your = translatin < Yoyt :Vnnqui(driven_el ) ) ?1 El?p
>
. . . . 17
 case 2: the input motiorY), (6) is supplied by a max (17)
. . W i
rotary electric servomotor and the output motion WX s :w,
Your (7) is obtained as a rotation motion of a "rotary - 4t
table" driven element (accordingly specific NCA's L 4 %

structures previously presented in Figs. 3 and 4)
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max
nec_driven_el

4
z, 7,
Finally, taking in account the motor speed conver-

sion, equations (18) it may be calculated the rezogs
maximum servomotor speed as follows:

max — W

mnec_SM -

max
max _ 20t nec_SM
wnec_SM - 60 '
max
Tt
max — nec_SM
wnec_SM - 30 ' (18)
max
max — 3Omnnec_SM
Mhec_sm T

and it may be selected, from the servomotor's agtdhe
appropriate servomotor for driving the analized N®#
applying the final equation for kinematic criterion
cheking (19):

nr??e?:iSM = ngl\iirated_(cat) ' (19)

All servomotors accomplishing equation (19) may be
primary selected as being compatible with the kiatkn
restrictions imposed to the driving system for #rea-
lyzed NCA.
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where:
F; represents the friction forces in the mobile ele-

ment's guideways / bearings;

F, represents the inertial forces generated by the

mobile element and attached object;

m g represents the mobile element and attached
object total mass;

urepresents guideway/bearing's friction coefficient;

fq represents the global dynamic coefficient that $ake
into account forces application behavior (shock-/ v
bration) and, as usually, has a value of $1185;

ar represents translation acceleration of the mobile
element and attached object.

Knowing the maximum speed required to be achieved

H max H
by the driven elemen¥,ec griven e @nd acceleration

time (usually, in of case IR and NCMT, mobile elensent
being accelerated in 0.36.5 sec), one may determine
the maximum translation acceleration of the drieds-
ment using the equation (27):
_Vdr?i\e};n_el

ar =———=—,
tacc

(27)

Remark: In all above equations, on should consider, g Step 5. Checking the static and dynamic critéa

the following measurement units used for following
specific terms:

[mm/sec] for the linear motion driven element'sexpe
Vv,

[mm] for the modulem (in rack and pinion case) or
screw lead (for ball screw case),

[rad/sec] for the angular velocity,

[rot/min] for the servomotor speed

2.4. Step 4. Determining the resistant equivalenbd
applied to the driven element in case of vertical /
horizontal translation axis

Previously to check servomotor compliance with the
static and dynamic criterion, the equivalent foregs
plied to the linear motion driven elements needbé&o
determined.

The equivalent resistant force statically appligdn¢
erated by quasi-static loads applied to the drieés
ment) can be determined [1] using relation (20)Ha
case of horizontal translation axis, and respelgtives-
ing relation (22) in the case of vertical trangataxis:

Fst v =F = Mg OO, (20)
Fsr v =(F; +G), (21)
FST_V = (mtotal I:g |_—|.|1) + (mtotal Iji;) (22)

The equivalent resistant force dynamically applied
generated by both static and dynamic loads (tintgivg
loads applied to the driven element) can be deterdhi
using relation (24) in the case of horizontal ttatisn
axis, and respectively, using relation (26) in tase of
vertical translation axis:

Foww n =(F; +F )y, (23)
Fovn_H = (Mot U+ Mgy (27 ) g, (24)
Foww v =(F; +F +G) Uy, (25)
Fovn_v = (Mo (8 B+ Mg By + Mgy [0) g5 (26)

Application of the static and dynamic criteria &
quires the verification of two inequalities (28)daf29):

STATIC NOMINAL
MReb sm<Msw rated (cat) s (28)
where:
STATIC
* MQRgep su represents the reduced torque generated at

driving motor shaft level by the static forces apgl
to the mobile element,

M S iated_(caty TEPresents the rated nominal torque

developed by the servomotor (torque developed by
servomotor at constant speed), as specified is¢he
vomotor's catalog,

and respectively

DYNAMIC PEAK
Mgeo sm SMswy rated (cat) » (29)
where: M YR 8y is the reduced torque generated at the

driving servomotor shaft level by static and dynami
forces applied to the mobile eleméRt +F +G).

The torque M & uied (can IS the maximum / peak

driving motor torque (starting torque) as specifiedhe
catalog.

2.5.1. Evaluation of the static torque reduced athie
engine drive shaft level, and checking the se-
lecting servomotor by static criterion

In order to verify equation (28) first it is necasgto
evaluate the reduced static torque at the drivéargasmo-

tor shaft level Mg’y starting up from the static re-

sistant torque determined at the mobile elementirdyi

element levelM 31ATC  and taking into account the

specific torques transfer equation for overall kiagic
chain (30)[1]
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Mour =My ["TL (30)
where,Moyr andM;y may be replaced as:
Mour = Mrstgé-cll—:i(\:/en_el ' 31)
My =M FSQESTS?M , (32)
thus the transfer equation for torques become
MR o =MEES B 39
Now, the equation (33) may be also exKrCJress as:
M RE0 s = Mre; diiven e I, (34)

and the equation (28) representing the staticriiteto
be accomplish by the selected servomotor may bateew
as:

NOMINAL STATIC _ pg STATIC
M SM_ rated_(cat) =M RED_SM — M rez_driven_el =T, * (35)

For all the servomotors accomplishing the kinematictor shaft levelM gep sy

criterion, equation (35) need to be accomplish itwo
order to have the static criterion satisfied too.

2.5.2. Evaluation of the dynamic torque reduced at
the engine drive shaft level and checking the
selecting servomotor by dynamic criterion

In order to verify the dynamic criterion expresssd
equation (29) first it is necessary to evaluatertdtriced

dynamic torque at the driving servomotor shaft leve
starting up from the dynamic resistant torque

DYNAMIC
MRED_SM
determined at the mobile element driving elemenelle

M DYNAMIC
rez_driven_el

ques transfer equation for overall kinematic ch@&ia),
however, this time considering following input outp
torques [1]:

My =MRep S (36)
Mour = Mr?z(i\lcﬁm%_el ) (37)

that allows to rewrite the equation (30) as follqia8):

M DYNAMIC
rez_driven_el

1
=Mpep'sw 3. (39)

TKC

Now, the equation (38) may be also express as:
DYNAMIC (39)

M DYNAMIC _
rez_driven_el =T,

RED_SM —

and the equation (29) representing the dynanitieriom

2 2
SM S _ | Z
JTK'CV'— HAFT—[(H) (Mot +Is+dc, +Jy +JZQ}E€2_2J +J, +J,

J SM_SHAFT _

Te 2

SM_SHAFT _
NE =
KC

+Jz +J) + ¢, +Igu

and taking into account the specific tor-

mz, 2 2
— | Mg tIptdc, Iy +J, |H—=| +J, +J; +Ic +Igu,
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to be accomplish by the selected servomotor may be
rewrite as (40):

PEAK DYNAMIC _ DYNAMIC
MSM_rated_(cat) =M RED_SM — M rez_driven_el EETKC ' (40)
where Mgy eq cay Tepresents the rated pick torque

developed by the servomotor (maximum starting terqu
developed by servomotor during driven element'slacc
eration / deceleration periods), as specified angarvo-
motor's catalog.

For all the servomotors accomplishing the kinematic
criterion and the static criterion, equation (48pd to be
accomplish too in order to have the dynamic citeri
also satisfied.

All servomotors accomplishing the kinematic criteri
on the static criterion and the dynamic criterioaynie
secondary selected as being compatible with thenkat-
ic restrictions imposed to the driving system foe &na-
lyzed NCA.

However, in order to perform calculus for checking
the dynamic criterion, it is necessary to prelimjnaval-
uate the reduced dynamic torque at the drivingasaor

DINAMIC starting up from the dynamic

resistant torque determined at the mobile elemewving
DYNAMIC - . For this purpose it is neces-

rez_driven_el *
sary to take into account thall o) g o is summing

both static and dynamic resistant torque effeghedow
equation (41) and (42) is showing [1]:

element levelM

DYNAMIC — STATIGFINERTIAL
M rez_driven_el — M rez_driven_el ' (41)
DYNAMIC _ p, STATIC INERTIAL
M RED_SM — RED_SM +M RED_SM » (42)

where, included terms may be evaluated as being:
STATIC _ pq STATIC
M RED_SM — Mrez_driven_el mTKC , (43)

INERTIAL _ 1SM_SHAFT
M RED_SM — JTKC IjSM_SHAFT' (44)

However, in determinindvl gen: e it is necessary to

evaluate the angular acceleration on servomotoft sha
level esy syarr Dy mean of equation (45) and as well
the total inertial load reduced on servomotor shafel
JPM-SHATT by taking into account the specific mechani-
cal structure of the kinematic chain associatedhi
NCA by mean of equation (46), (47), (48) and (48)-c
responding to the NCA's associated kinematic chains
previously presented in Figs:4 [1]:

Awmax mmax
€sM_SHAFT~ A?M = —tSM ) (45)
acc
+Jc tIsms (46)

4 (47)
Z

2 2 2
z Z3 4
Jis+ I+ I )02 +3, +Jyy +Jc, +Jy +3, (D2 +3, +3 +J "
(J15+ 14 ZS)EEZS) z, tdw tdc, +dy I, [€Z4J 2, Ttz [ﬁzz) (48)
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2 2
JEKEA‘SHAFT:{(312*'311*'324)%;—‘3‘} +Jz +Jy +dc, + Iy +J22]EE_j +J, +J 3¢ +dsu

Remarks for calculus procedure operation:
1. In checking the dynamic criterion iterative cdic
tion need to be performed. From this point of view

determining theJ>M-S"AFT it need to take account that

Jsuw value is a specific issue for each tested servomoto
and need to be actualized on each iterative steat is
why, in performing the first iteration for testimgailable
servomotors from the catalog, will be necessaryake
account about first servomotodsg, value and include it

in equations (46), (47), (48) or (49). After>M-SHATT

; INERTIAL
evaluation, Mgep” sm

(44) and considering the value previously deterchibg

may be calculated using equation

equation (43) forMSEA"Sy . it may be calculated the
specific value ofM ggp 8 by using equation (42) and

finally the dynamic criterion specific equation j4@ay
be verified. If the condition (40) is not satisfigtie Jye
value is replaced with the nedfe value corresponding
to the second available motor from the catalogaalye
checked as satisfying the kinematic and statieiGon,

and the calculation of>M->"FTand the calculus pro-
KC

cedure for checking the dynamic criterion acconhatig

is performed again. Similarly may be proceed for- pe
forming the third and next iterative steps by tlcecan-
plishment of the dynamic criterion, the servomdioal-

ly chosen by meeting all three required criterickige-
matic criterion, the test of the static torque bg totor
rated nominal torque and the test of dynamic toroyie
the motor rated pick (starting) torque.

2. In evaluatinVl gip ey~ by equation (44) it is also

necessary to take into account too, that for diéfiemo-
tion phasesgy syarr May have different values, corre-

sponding to different maximum constant speed todie
by the driven element in the same acceleratiortéldea-
tion time). That is why usually a complementary king
cycle torque diagram is accomplished in order toemt-
ly evaluate the total resistant torque on eachanateg-
ment of all included motion phases (Fig. 7) [1].

That is why a specific total value of Root Mean
Square TorquéMgys is usually calculated for each mo-
tion phase / overall working cycle as will be fallmg
presented.

3. In the mean time it is necessary to specify tted
static torque may have different values from défer
reasons [1].

A first reason for which the static torque may have

different values from one motion phase to anotisedue
to variations of the normal (gravitational) loadspked
to the driven element during different motion plsase
Such case may be the case of previously discussed |
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4 (49)

%

Torque

Nm] Mstil+Mdynll

Mst1 +Mdynm

Mst | +Mdyn|

M
dynil Maynm

Mdyn | .
stil

Mgt

1 2 |43 <4 25 ) <6 7 8

[sec]

Mst| -Mdyn |

Mstll-Mdynll Mst | - Mayn Il

‘ FORWARD DIRECTION ~— REVERSE DIRECTION

Fig. 7. Identifying the specific static and dynamic torgua
working cycle torque diagraihuring NCA operation: M,
Msti, Mgun, - Static torques and dyhi, Maynii, Maynni, - dynamic

torques, acting in motion phases |, Il and IlI,.[1]

corresponding to the first and third phases (asvehio
Fig. 7)

A second reason for which the static torque mayghav
different calculus equation than above presentey lea
the specific mechanical structure of the NCA's kiatic
chain. An illustrative sample may be the case ofANC
presented in Fig. 1, where supplementary to thécsta
torque due to friction forces acting on guidewayeér-
ings level, the total resistant static torque idelsi also
specific terms for quantifying the resistant statoque
components due to ball screw nuts preloading afid ba
screw bearing sets preloading. A similar case nejob
considered for the NCA presented in Fig. 2, where a
specific terms for quantifying the resistant staticque
component due to pinion shaft's bearings preloadeey
to be considered [1].

2.6. Step 6. Checking the motor performance parame-
ters for driving the overall kinematic chain
6.1. Checking the performance parameters for ser-
vomotor's acceleration time and braking time
After selecting a servomotor from the catalog by
checking it's compliance with the above mentiortedd
criteria (kinematic, static and dynamic), the semator's
performance parameters, during acceleration arkirgra
motion segments need be investigated [1]. For ghis
pose as previously mentioned, it is already knofat t
for IR and NCMT the acceleration and braking tinme a
ussually imposed as being limited by following \edu

035<t,.. < 05ec, (50)

035< t.qx < 0.55eC (51)

Considering above mentioned performance parame-
ters limits, the selected servomotor compliancéenms

working cycle motion diagram's second motion phaseof acceptable acceleration time and braking tinrapa-

(involving the pick-up of a manipulated object) ca
terized by a greater static torque than the statgue

ter values may be check after specific valueg,gfand
toreak €Valuation by using equations (52) and (53) [1]:
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_ 4 _ SM_SHAFT 03 0.7
tace = ﬁm-ﬂ«c B mgl\élll)l(i_rated_(cat) M PEAK M + 1 , (52)
SM_rated_(cat) SIP ml g M glsléfrated_(cat) -M S/IP |:nl
4 NSW- rated (cat)
tbreak =55¢ DEM_SHAFT E BREAK et . (53)
375 ¢ M SM_rated_(cat) ~ M S/P |:nl

6.2. Checking the performance parameters for ser- wherel, represents the current applied on servomotor
vomotor's thermal behavior windings andk, represents servomotor's torque constant.
The final checking for driving servomotor optimum As previously illustrated the inertial torquéd, may be
selection is related to its thermal behavior eviabmal1, expressed as (59) [1, 4]
3, 4]
The calculus algorithm is valuable for the therive M, = IM-SPAT o (59)
havior evaluation of both brush / brushless DC cemy- “

tors, and as well, by taking account of some SEeCif \ here for the case of rotation axis illustratedfig 3

adjustment coefficients for the AC synchronous serv SM_SHAFT
motors [1, 4] and fig.4 Tk may be detailed as (60):
The servomotor thermal behavior evaluation includes
three stages: evaluation of the maximum currentieghp Jf’\"—SHA"—F:(iG)2 0, +Jg + e (60)

KC

to servomotor windings, evaluation of the thermadrgy

dissipated in servomotor windings, determiningiex-  \yhereJ represents the inertial load of the driven element
imum overheating temperature of the servomotor andyq need to be evaluated accordingly the specifie m

comparison of servomotor maximum temperature Withpanical structure of the NCA's kinematic chalg rep-
the allowed temperature limit for servomotor safack resents the inertial load of the gearing mechardsm
tioning (catalog rated). . o Jue represents the servomotor's rotor inertia iarépre-
Thus, first step in evaluating the thermal dis®ifat gents the transfer ratio of the included gearingfesy.
energy (by Joule effect) in servomotor windingstas o wever, for the case of a translation axis incigda
calculate the total torque necessary to be supplethe 50k and pinion mechanism (fig.3) may be calculated
servomotor in terms of complying with total resigta by using equation (61), and for the case of a latios

torque determined by equation (54) [1]: axis including a ball screw mechanism (FigJljnay be
M=M,+M;+M_ [Nm], (54) calculated by using equation (62), [1, 4]:
where: ‘]I = ‘]p * Motal EETMZ ! (61)

* M, represents the inertial torque necessary for accel
eration / deceleration of overall kinematic chais, 2
’ J =g+ . 62
duced on the servomotor shaft level, | =I5+ Moga (62)
e M; = friction torque in motor bearings, and other

. X Taking account of equations (61) and (62) equations
static resistant torques generated by complementar 60) may be specifically rewritten as equations) (88d
effects (as may be bearings preloading, ball scre

. L I . X 64) for the case of rack and pinion mechanism, and
nuts preloading etc.) which, in this calculatiogal

rithm, will be considered as negligible; Lzsl,lp);e;té\@alzq:sh:g;ﬁl:ons (65) and (66) for thee aafs

* M. representing torque generated by other specific  p,5 the final equation for determining the indrtia

external forces (as may be cutting forces for theec torque become (67) and equation 57 may be rewritten
of NCMT's NCA) which, in this calculation algo- (68) [1, 4]:

rithm, will be too considered as negligible.
Thus it may be assumed that for current calculus

algorithm the total resistant torque applied to skevo- JTSM*SHAFT:iGZEGJp+mota|mrM2)+ Jo+Ive
motor is due to only inertial torqud; (55): © : (63)
M = M| [N m]y (55) 2
) m
Continuing by this assumption it may be now detegdi JTSKZASHAFE'GZ[%JPJ{ZBPJ [GTﬂota)]”G”ME
the specific value of the current applied to sergtim (64)

windings in order for supplying the above necessary
torque complying with the resistant torque as fo#io

(56) and (57) [3]: J_?KICVI_SHAFT:iGZ s +MyaBry2) + g+ (65)

M, =k L1, [N, (56)

.2 |
., :% [A], (57) I i [EJSJ“”lotal[@ﬁ)z}fJe +ve (66)

m



A. Nicolescu, C. Avram and M. Ivan / ProceedimgMlanufacturing Systems, Vol. 9, Iss. 2, 2014 /108

By taking into account above equations the inertial

torque and correspondent current applied on sert@mo
windings may be finaly evaluated using equations) (6
and (68)[1, 4]

_f 2
M, _(IG L], +‘]G+‘]ME)|3ME 67)

L2
:ﬂ:('e L], +‘]G+‘]ME)EME
a
K K

6.2.1. Evaluation of thermal energy dissipated inhe
servomotor windings

In evaluating the thermal energy dissipated insire
vomotor windings it is assumed that for a workirygle
motion diagram as presented in Fig. 5, in each anoti
phase the acceleration time and the deceleration déire
equal.

Following this assumption, the thermal energy dissi
pated in the servomotor windings by Joule effecy ima
calculated as a function ¢f andR, and the total cycle
time t. by using equation (69). In equation (69), as previ
ously presented the value lginay be evaluately equa-
tion (68) as depending by total inertial loads ahd
transfer ratio of the included gearing system, tredR,
represents the total electrical resistance of seoior
windings [3].

(68)

W, = (1,2 [R,)dt- (69)
0

Considering the three motion phases of the working - -

cycle, equation (69) may be rewrited as (70) [1, 4]

4 t, t,
W, = [(1,2 R)dt+ [ (1,7 Rdt+ [ (1,7 (R)dt,  (70)
0 t t,

where, each term may be further developed as ensati
(71), (72) and (73) [1, 4]:

4 face tv_cu t
[02R)it= [(.2R)de [0, 2Ryt [0 2Ryt (71)
O 0 tacn

t, tace tvimz too
fo2mRydt= J0 2Rt [0,2Ryae [o.2myae (72)

[ tacs LS
[0.2R)dt= [ (1,2Ryde+ [ (1,2 R dt-(73)
L

tbrﬁ
2
R)dt+ [ (I,
tz Tacﬁ tvim
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and, if iG2 is assumed as being noted YY75) by suc-
cessively transformations the final equation (7@yrbe
determined:

V\é 4[&9}97 éﬂ +‘]RED+‘] [éwtal wplg E)P/Sg

t tas] (75)

% o

On the other side, it is known that the thermalrgye
dissipated by Joule effect is dependent by squitheo
current applied to servomotor windings. The currisnt
depending itself (by mean of torque constant) eftial
torqueM,, that depends itself by square of reducer gear-
ing transmission ratio. Thus it may be assumed tthet
thermal energy dissipated by Joule effect is depenbly
square of reducer gearing transmission ratio, astemq
(77) is shown [1, 3, 4]:

b

vg%@@%%ﬁynﬁﬂu 3 }@‘lﬁ

W, = f(y)= £ 2). (77)
However, if the target of determining the minimum
dissipated thermal energy in servomotor windings is
assumed, a derivative process may be performed for
equation (76) in order to determine the optimumsfar

ratio valueig_,, of the ideal gearing system correspond-

ing to this target, as equation (78), (79), (8Q) é31) are
shown [1, 4]:

M -0, (78)
dy
0=(Jye + 36 ) - +3,2
y? , (79)
V2= (e +36)° (80)
e
Ji
etde) (81)
|

By replacing the determined value of optimal gegrin
transfer ratio (81) into equation (76) it may beede
mined now the minimum thermal dissipated energy in
servomotor windings, as equation (82) is shown:

2
pa  BOpo mp/sa

W, 163&D| [CUG+JME)[E J (82)

Successwely, for evaluating the thermal behavior o

Lo

Considering too equation (60), after evaluation ofthe servomotor, the internal and external tempesatu

each term, the total thermal energy dissipatedeincs

need to be determined by using equations (83) Ay (

motor windings may be determined by equations (73)[5]:

and (74)[1, 4]:

{(2%}&{ 3 +Js +JMJ [E% D +%ﬂz R, (73)

Kn b e i

(I)
Do Do

o b

V\é 4[&97E*£b EUI+JG+JMQ m
E g

] (74)

| RM82 Ry smR sy {1-000398,) +T,
1-000398R 4, g (R, s

T, Nt =

» (83)

Ty ext_sm=To int (Rt sm - (84)
Where Irys represents root mean square current de-
termined by equation (85) anblzys represents root
mean square torque evaluated by equation (86 R[S
represents the thermal constant of the servomaiud,
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R.o represents servomotor winding's electrical rescda
at the reference temperatureTgé20°C.

M
RMS 4 |
m

o (85)

I rms =

2 2 2
Maccelerare Djacc + MVct Dl/ct +M franare Djfranans . (86)
tacc + t\/ct + I:franare

MRMS:\/

However, it is necessary to note that in evaluating

servomotor thermal behavior in equation (83) tterimal
temperature of servomotor windings is determined as
function of Ry, In the mean time, if ambient temperature
is different tharnT;=20°C or the servomotor has already
previously run and warmed, it need to take accolt
servomotor winding's electrical resistance is vagyi
proportionally with the temperature increasing,sthbe
specific winding electrical resistané®; at T, yrneed to
be reevaluated by using equations (87) [5]:

Ra2 = Rao_me H1+0.00393UT, \r —To)]- (87)

Thus, having determined the winding electrical re-
sistanceR;, the to T, v temperature and replaciriy
from equation(83) by Ry, a newT, vyt may be deter-
mined, and further the external temperature of dbe
vomotorT, gxrreevaluated by equation (84).

Finally the total servomotor internal temperatuie-‘s
creasing At sq May be evaluated and the effective

maximum servomotor internal temperature
twax INT Ere sm COmpared with rated allowable ser-

vomotor operation temperatutgy wax ALLOWED

tvax INT_EFF_sm =

tENVIRONMEN + AtINT_SM = tMAX_INT_SM_ALLOWED ' (88)

where tyax Nt _sw_aLLowep IS representing the maxi-
mum allowable internal temperature for servomotor
operation (specified in servomotor catalog) andatligu
tMA><_|NT_SM_ALLOWEDS 130°..150C.

In case of over passing the admissible limit far se
vomotor's internal temperature a successive (iseta
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size) servomotor need to be selected and the therma
behavior evaluation of the new selected servomistor
performed similarly as previously presented, byirtgk
into account appropriate new input data for the sew
lected servomotor [1, 4].

7. CONCLUSIONS

The paper presentaal complete calculus algorithm
for selecting the optimal servomotors of the kinéma
chains included in the numerically controlled axes
(NCA) of machine tools (NCMT) and industrial robots
(IR). The algorithm can be applied for both typenco
trolled axes, i.e. IR, and NCMT, as well as eithaa-
tion axis or translation axis, regardless of time@chani-
cal structure. The presented calculus algorithrfugtes
six major steps and allows to select the optimuin-so
tion for electric driving of the NCA in terms oftgfy-
ing all imposed criteria (kinematic criterion, statrite-
rion, dynamic criterion) and complying as well thec-
essary performance requirements for NCA's electro-
mechanic driving system performances (acceleration
braking time and servomotor optimum thermal behav-
ior).
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