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Effects of the Variation of Torque Motor Parameters on 
Servovalve Performance
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An electrohydraulic servovalve is an essential item o f  flu id  power servomechanism where fast 
response, high power output and working fidelity are necessary. Based on detailed and experimentally 
verified mathematical model o f  two-stage spool position mechanical feedback electrohydraulic 
servovalves sensitivity analysis has been performed. The effects o f  variation o f  few  torque motor 
electromagnetic parameters (air-gap length (thickness) at null, residual magnetic flux  density (magnetic 
inductivity) o f  permanent magnet and number o f  turns o f  each coil) on dynamic performance o f 
B.31.210.12.1000.U2V PPT servovalve have been studied. Obtained results are in accordance with 
servovalve engineering design practice.
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0 IN T R O D U C T IO N

T w o-stage spool position  feedback  
elec trohydrau lic servovalves w ith  the to rque 
m oto r as an  elec trom echanical converter and  a 
flapper-nozzle  valve as the firs t stage o f  hydrau lic  
am plifica tion  are the m ost u tilised  servovalves in 
e lec trohydrau lic  con tro l system s for the last fo rty  
years. In spite o f  the ir re la tive ly  long period  o f  
application , all phenom ena associa ted  w ith  the ir 
opera tion  are  no t com pletely  quan tita tive ly  and 
qualita tive ly  explained. T his is due to  facts th a t a 
re la tive ly  com plex  m athem atica l apparatus, 
com ing  from  fundam ental law s o f  
e lec trom agnetism , flu id  m echan ics and  general 
m echan ics, is n eeded  for describ ing  the ir 
operation . B eside , these  m athem atical expressions 
inc lude m any  param eters th a t are very  d ifficu lt to  
p rec ise ly  quantify .

In th is p ape r au thors study  th e  in fluence o f  
to rque m o to r e lec trom agnetic  param eters on 
servovalve behav iour. M any  au thors gave 
contribu tions to  th e  exp lana tion  o f  
e lec trom agnetic  n a tu re  o f  servovalve to rque 
m otors. S till M erritt [1] exp la ined  in  detail the 
effects o f  som e non -linearities on  the servovalve 
behav iou r inc lud ing  to rque m o to r non -linearities 
(m agnetic hyste resis  and  sa tura tion). In th e  pap er
[2], A rafa  and  R izk  m ade a specia l rev iew  on 
to rque caused  b y  elec trom agnetic  forces. A  no n 
linear m athem atica l m odel b ased  on  p hysica l 
quantities w as deve loped  in [3]. T his m odel 
includes no n -lin ear re la tions for the to rque  m o to r

dynam ics. F rom  the experim en ta l d a ta  and  FEA  
analysis p erfo rm ed  in  [4], F usse ll e t al. s ta te  that 
m agnetic  flux  leakage m ust b e  considered  in  the 
lum ped m odel fo r to rque  pred ic tions. In  [5] and
[6], U ra ta  ana lysed  the to rque  m o to r dynam ics in 
detail and  in fluence  o f  unequa l a ir-gap  length 
th ickness in  nu ll in  servo  valve to rque  m otors.

P l  R 2
Fig. 1. Two-stage spool position feedback  
electrohydraidic servovalve (mechanical 

feedback) 1 -  torque motor, 2 - f i r s t  stage, 3 -  
second stage, 4 -feedback  spring

1 T H E O R E T IC A L  M O D E L

D eta iled  theo re tica l m odel shou ld  b e  used 
in  o rder to  investiga te  the in fluence  o f  torque 
m o to r e lec tro -m agnetic  param ete rs  on  servovalve 
behav iour. It shou ld  inc lude  all physical 
phen o m en a  and  to rque  m o to r param eters th a t are
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expected to be  o f  in fluence on  beh av io u r o f  
analysed servovalves.

1.1 T orque Motor

W hen cu rren t is m ade to flow  th rough  
torque m oto r coils, arm atu re  ends becom e 
polarised. A  to rque  is thus p roduced  on the 
arm ature w h ich  starts to  m ove. It is com m on in 
practice, as it w as p roved  in  [7], to  u se  the linear 
expression to ca lcu late  th is torque:

Te =  Kj. + K m6  , (1)

w here values for K, and  Km are ob ta ined  
experim entally .

T aking  into accoun t expressions for 
electrom agnetic fo rces in  to rq u e  m oto r a ir gaps, 
w here expressions fo r m agnetic  fluxes in  a ir gaps 
(obtained u sing  the firs t and  the second  
K irchhoffs' law s fo r m agnetic  c ircu its) are 
im plem ented to rque  produced  on  arm atu re  can  be 
calculated using  (in the case o f  p ara lle l coil 
connection):

T  =  -
■Mo ' Ap

*p0
M m+ N — i

V  J

Mm —  + N (l + kr)i 
xPo

“ 2

1  -
r - e

+  k r

U»J

(2)

w here perm anen t m agnet m agnetom o tive  fo rce  is:

U .  1
(3)

L inearising  Eq. 2 abou t the null positio n  
(i = 0 and  0 = 0) one can  w rite:

Nr^i0AvM m

*2A i + K ) ’
(4)

r  ' • V ^ X  

m ^ o ( W
(5)

M agnetic  re luc tance  co nstan t kr considers  
influences o f  perm an en t m agnet re luc tance , the 
non-uniform ity  o f  a m agnetic  fie ld  th rough  the 
perm anent m agnet vo lum e, reduc tion  o f  the 
m agnetic fie ld  in  the p e rm an en t m agnet due  to  
influences o f  end  po les and  the leakage flux  in  a ir 
gaps, as it w as described  in  [5]. F o llow ing

expressions should  be u sed  for its ca lcu lation :

F ig . 2. Calculation o f  torque caused by 
electromagnetic forces in the torque motor: a) 

neutral, b) current runs through coils

1.2 Other Parts of the Servovalve

O nly  final equations o f  th e  m odel are 
p resen ted  in  th is p ap e r fo r the reference. 
P resen ted  equa tions are  re la ted  to  tw o-stage 
e lec trohyd rau lic  se rvova lves w ith  m echan ica l 
feedback . D eta iled  exp lana tion  o f  fo rm ulae can  
be  found  in  [8] A N D  [9],

A s long  as the f lapper does n o t h it a nozzle , 
a rm atu re  dynam ics can  be d escribed  w ith :



Tc = j J  + k j + T t +Fhla +T( , 

w here:

k  =  "  77 •

(9)

( 10)

T he to rque caused  by  flexure tube 
deform ation  can be  w ritten  as:

T{ = ^ - 6 .
‘ K

Flow  force on the flapper is g iven  by:

P  ={P ~ P r)^ f+ 8^

K^(x0- x f ( p  - p d) - K { ^ + 4 { P r - P i ) ]  

w here flapper tip  d isp lacem en t is:

x  = 0la - F h
f  p  p  h

* fl  j *t
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( 11)

( 12)

(13)

F ig . 3. Schematic o f  the servovalve with the 
parameters o f  its other parts

T he to rq u e  caused  by  feedback  spring  
deform ation  can  be  ca lcu la ted  w ith :

T  =  F IJ f 1 f‘f >

w here the ap p rop ria te  fo rce  is:

f o \y+ys \<z
Kf [y+yB - z s g n (y + y ff)] \y+yff\ > z  '* 1

w here:

Fir = x  + lftp,

F I 2(p = Q - t J Ò L
2B„

P ressu res in flapper-nozz le  valve  can be 
ob ta ined  using:
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w here:
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A lg o rith m  fo r th e  ca lcu la tion  o f  flow 
coeffic ien ts can  be found  in  [8],

T he d iffe ren tia l equa tion  o f  spoo l m otion 
can  be  w ritten  as:

A p ^  = msy  + k J  + Fc + Fa + F( , (25)

w here:

(14) Ap = p {- p T. (26)

D ry  fric tion  fo rce  can  be  p resen ted  as:

(15) ^„sgn  (y), y * 0 ,

(16)

Fc =-

w here:

Z , |z| < Fc0,
Fc0 sgn(Z), |z| >  Fc0,

■ n ■ (27) y  = 0,



Z  =  A p  ~~ ~  ~F a - F { . (28)

In the case o f  the nu ll lap cond ition  fo r all 
four sym m etrical and  m atched  spool o rifices o f  
no-load servovalve, the fo llow ing  expression  can 
be used for th e  axial com ponen t o f  the flow  force:

K 2
F a = 2 —r  f  c o sa (p s + p 0) +

(29)

+(l, - l , ) K t J 2 p ( p s - p 0) f  y

w here the real va lue  o f  spool va lve  opening  is:

y i = ^{S+ rs +rh)2 +(\y\ + rs +rb)2 - ( r 8 + r b) .  (30)

N um erica l data from  D ong  and  U eno  are 
used for the ca lcu la tion  o f  je t  ang le , con traction  
coeffic ient and  flow  coeffic ien t [8],

T he vo lum etric  flow  th rough  the 
servovalve can  be  m athem atica lly  fo rm ula ted  as:

ö s v =(K’J y .J -p
2 Ps -Po

2
-Q )sg n (y ) . (31)

w here the in te rnal leakage flow  can  be  ca lcu la ted  
from:

w hen | y | < ^ j  ö i :

■ d  =
Ps -  P() (32-a)

w hen • ö i  ^ H < T t i :

and w hen  |y| > y ü : 

w here
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2 E X P E R IM E N T A L  V E R IFIC A T IO N

(36)

T he p resen ted  m odel w as num erically  
so lved  and  verified  w ith  experim ental resu lts for 
no -load  servovalve B .31 .210 .12 .1000 .U 2V  -
m anufactu red  b y  PPT - T rsten ik , Serb ia (Fig. 4 
and  Fig. 5).

t [m s]
F ig . 4. The transient response o f  the servovalve 

(square periodic input current signal -  10 Hz 
frequency)

Fig. 5. The static flow  characteristic o f  the 
servovalve

P aram eter va lues o f  the  servovalve are 
p resen ted  in  nom encla tu re  (in  b rackets). T he 
m anufactu re r o f  perm an en t m agnet p rov ided  
values o f  param eters re la ted  to p erm anen t m agnet 
excep t its geom etrica l param eters, w hereas values 
o f  constan ts re la ted  to  perm an en t m agnet and  the



to rque m oto r w ere ca lcu lated  acco rd ing  to  the 
p rocedu re  described  in [5], T he fric tion  
coeffic ien ts w ere estim ated  to  m atch  the 
appropriate  experim ental transien t responses. 
V alues fo r o ther param eters w ere determ ined  w ith  
a  d irec t m easurem en t on the d isassem bled  
servovalve. T he equ ilib rium  d istance from  the 
flapper tip  to  nozzles is an  excep tion  from  this 
rule. It w as ca lcu lated  accord ing  to  the 
assem blage requirem ent, w h ich  dem ands tha t 
p ressu res in bo th  nozzles should  be 70 b a r w hen 
the supply  p ressu re  is 140 bar and  w hen the 
flapper is in the zero  position .

S tatic and  dynam ic experim en tal analyses 
o f  the servovalve w ere perfo rm ed  on the standard  
servovalve testing  equipm ent, p roperty  o f  PPT  
(static  -  M O O G  - P lo tterstand  D 046-030 , 
dynam ic -  M O O G  - F requenzgang  - P ruefstand  
D 046032).

T he m odel sa tisfac to ry  agrees w ith  the 
experim ent and  it can  be u sed  for the sensitiv ity  
analysis.

3 SE N S IT IV IT Y  A N A L Y SIS

T orque m otor param eters re la te  to  its 
e lec trom agnetic  natu re  are length  o f  each  air gap 
at null x po, perm anen t m agnet cross sectional area 
Am, to rque m oto r gap area  Ap, m agnetic  flux 
density  o f  perm anen t m agnet Br m, perm anen t 
m agnet length  lm, num ber o f  turns o f  each  coil N, 
distance from  arm ature p iv o t to  the cen tre  o f  
perm anen t m agnet po le  face r  and  perm anen t 
m agnet perm eab ility

F ig . 6. The effect o f  the variation ofpermanent 
magnet length on servovalve performance

In  o rder to  ana lyse  the in fluence o f  torque 
m oto r param eters on se rvova lve  characteristics, 
the tran sien t responses fo r step  input curren t 
signal (from  0 to  steady  reg im es determ ined  w ith 
tw o inpu t cu rren t signals i - 10% and  25%  o f  the 
ra ted  zmax) w ere n u m erica lly  m odelled . Three 
d iffe ren t va lues fo r the ana lysed  param eters w ere 
taken  in  num erical m odelling : value o f  the 
ana ly sed  servovalve, one h ighe r and  one sm aller 
value. R esu lts  o f  the m odelling  are  show n in Fig. 
6 to 12.

F ig. 7. The effect o f  the variation o f  distance 
from  armature pivot to the centre o f  permanent 

magnet pole face  on servovalve performance

Fig. 8. The effect o f  the variation o f  air-gap 
length at null on servovalve performance

It can  be  n o ticed  on  d iag ram s tha t the 
increase (decrease) o f  x p0 genera tes the same 
effec ts as the decrease  (increase) o f  other 
ana ly sed  param eters.

A n aly s ing  the in fluence  o f  to rque  m otor 
geom etric  param eters one can  conc lude that



length param eters (lm, r, xp0) have g rea ter 
influence on tran sien t response then areas (Am, 
j  ). V aria tion  o f  Am has b igge r in fluence then 
variation o f  Ap.

It is espec ially  im portan t to analyse the 
effects o f  v aria tion  o f  xp0, Br m and N  on 
servovalve perfo rm ance. T hese th ree param eters 
can be easily  m od ified  w hen a  des igner w an ts to 
change the characteristics o f  an ex isting
servovalve.

Fig. 9. The effect o f  the variation ofpermanent 
magnet cross sectional area at zero on servovalve 

performance

Fig. 10. The effect o f  the variation o f  torque 
motor gap area on servovalve performance

T he change o f  a ir-gap  leng th  at nu ll xp0 has 
the greatest in fluence on the quality  o f  transien t 
response and  steady  values o f  the se rvova lve  flow  
(Fig 8.). Sm all reduc tion  o f  xp0 v a lue  (by  2 % ) 
induce the decrease o f  rise  tim e and  ex istence (for 
/=10%-z'max) i.e. the  increase o f  overshoo t (for

i=25% -/max) and  finally  h igher the sta tionary  value 
o f  servovalve flow . I f  the xp0 has h igher value 
then  the transien t response becom es m ore 
slugg ish  and  sta tionary  value o f  servovalve flow  
is be ing  reduced.

W ith  sm aller changes for the sam e 
percen tage  varia tion  o f  param eter value, sim ilar 
tren d  can be no ticed  in Fig. 11 w here the value o f  
residua l m agnetic  flux  density  is changed.

c
S

t [ms]
Fig. 11. The effect o f  the variation o f  residual 

magnetic flux  density on servovalve performance

T he change o f  num ber o f  turns o f  each coil 
N  does no t have in fluence on the quality  o f  
tran sien t response. It only  has sm all in fluence on 
the steady  value  o f  servovalve flow .

Fig. 12. The effect o f  the variation o f  number o f  
turns o f  each coil on servovalve performance

3 C O N C L U SIO N

Standard  eng ineering  p rac tice  considers 
tha t i f  servovalve designers w an t to  redesign



ex isting  o r design a new  servovalve they  m ust 
m odify  som e p roperties on  physical ob jec t and 
then  experim entally  verify  the resu lts  o f  th is 
action. T he m odel p resen ted  in th e  p aper 
p rim arily  g ives a usefu l design too l, since all its 
param eters are physical quantities. W hen 
servovalve designers have such  deve loped  m odel 
th a t includes phenom ena and  param eters o f  
in fluence and  can p red ic t th e ir perfo rm ance in  a 
w ide range o f  expected  reg im es, they  can  sim ply  
redesign  ex isting  servovalves w ithou t physical 
m odification . T hey  can num erically  m odel all 
possib le  situations and  choose resu lts tha t are 
appropriate  fo r th e ir  needs.

U sing  the detailed  servovalve 
m athem atical m odel authors analysed  the 
in fluence o f  to rque m o to r e lec trom agnetic  
param eters. T he analysis show ed that the b iggest 
in fluence on servovalve dynam ic characteristics 
has varia tion  o f  air-gap  length  a t zero, a lthough 
the in fluence o f  o ther param eters can  n o t be 
neg lected . S im ilar analysis can  be perfo rm ed  for 
o ther servovalve param eters.

4  N O M E N C L A T U R E

Am perm anen t m agnet cross sectional 
area  (1 5 4 .6 8 -1 0 6)

[m2]

torque m oto r gap area  (9 -1 0 6) [m 2]
Ba flapper bend ing  rig id ity  (0 .0256) [N m 2]
Bt flexure tube rig id ity  (0 .0302) [N m 2]
Brm m agnetic  flux  density  o f  

p erm anen t m agnet
[T]

dn nozzle  d iam eter (0.28-10"3) [m]
d0 left (righ t) constan t orifice 

d iam eter (0 .1 8 -1 0 3)
[m]

dod drain  constan t o rifice  d iam eter 
(0.4-1 O'3)

[m]

ds spool d iam eter (4 .62 -10"3) [m]
f spoo l va lve  area g rad ien t 

(4 .8-10 '3)
[m]

Fo ax ial com ponen t o f  flow  force on 
spool

[N]

Fc dry  fric tion  force on spool [N]
F co in itia l d ry  fric tion  force on  spool 

(3 .2-10 '3)
[N]

Fcn nom ina l d ry  fric tion  force on 
spool (2.2-1 O'3)

[N]

Ff fo rce caused  by  m utua l ac tion  o f  
feedback  sp ring  and  spool

[N]

Fh flow  fo rce  on  flapper [N]
i to ta l cu rren t [A]

*max ra te  inpu t cu rren t (10-10"3) [A]
■4 arm atu re  assem bly  m om en t o f  

inertia  w ith  the respect o f  
ro ta tional cen tre  (1 .6 8 -1 0 7)

[kgm 2]

K o con trac tion  coeffic ien t o f  spool 
o rifice

[-]

K f feedback  spring  stiffness (1962) [N/m]
K to rque  m o to r gain [Nm/A]

[-]k\ constan t o f  leakage flux  in  air 
gap  (0 .27)

km co nstan t caused  by  the no n 
u n ifo rm ity  o f  m agnetic  fie ld  in 
p erm anen t m agnet (2 .42)

[-]

K m to rque  m o to r e lec trom agnetic  
spring  constan t

[Nm]

kn spool v iscous fric tion  coeffic ien t 
(3800)

[kg/s]

K n\ flow  coeffic ien t o f  the left 
flapper-nozz le  restric tion

[-]

K m flow  coeffic ien t o f  the righ t 
flapper-nozz le  restric tion

[-]

K a0 flow  coeffic ien t o f  the flapper- 
nozz le  restric tions a t zero

[-]

Kod flow  coeffic ien t o f  the drain  
constan t o rifice

[-]

K 0o flow  coeffic ien t o f  the left/righ t 
constan t o rifice  an  zero

[-]

kr m agnetic  re luc tance  constan t 
(0 .465)

[-]

K flow  coeffic ien t o f  spoo l o rifice [-]
kv arm atu re assem bly  v iscous 

fric tion  coeffic ien t (4-1 O'4)
[Nms]

h ax ial leng th  be tw een  supp ly  and 
ac tu a to r po rts  (5 .4-10 '3)

[m]

h ax ial leng th  betw een  reservo ir 
and  ac tua to r po rts  (9 .2 -10"3)

[m]

4 d istance from  th e  nozz le  axis o f  
sym m etry  to  the  axis o f  ro ta tion  
o f  arm atu re  assem bly  (8.75-1 O'3)

[m]

k feedback  spring  leng th  (13.3-10 3) [m]
h f lapper leng th  (13-1 O'3) [m]
4 i perm an en t m agnet leng th  

(1 0 .9 -1 0 3)
[m]

4 flexure tube leng th  (8 .5 -10"3) [m]
M m p erm anen t m agnet 

m agnetom o tive  force
[A]

m s spool m ass (3 .1-10"3) [kg]
N n um ber o f  tu rn s o f  each  coil 

(3625)
[-]

P o atm ospheric  (reservo ir) p ressu re 
(1 0 5)

[Pa]

P d drain  o rifice  in le t p ressu re [Pa]



p\
Pr

left nozz le  p ressu re [Pa]
righ t nozz le  p ressu re [Pa]

r l
Ps supply  p ressu re  (210 -105) [Pa]

r distance from  arm atu re p iv o t to 
the centre o f  p erm anen t m agnet 
po le face (1 4 .5 -10'3)

[m]

A radius o f  bush ing  con tro l edge 
(10-1 O'6)

[m]

Rmm perm anen t m agnet re luctance [H '1]

Rm p0
re luctance o f  each  a ir gap at the 
null

[H '1]

r s radius o f  spool con tro l edge 
(10-1 O'6)

[m]

Te to rque caused  by  elec trom agnetic  
forces

[Nm ]

Tf to rque caused  by  feedback  spring 
deform ation

[Nm]

r, to rque caused  by  flexure tube 
deform ation

[Nm ]

vd drain com partm en t vo lum e 
(8.2-1 O'6)

[m 3]

a leakage flow  through  spool 
orifices

[m 3/s]

Qsv servovalve vo lum etric  flow [m 3/s]
X flapper tip  d isp lacem en t [m]

x0 d istance from  flapper tip  to each 
nozzle at null (3 8 .5 -10"6)

[m]

Xn distance from  flapper tip  to 
nozzle

[m]

XP0 length  o f  each  a ir gap a t null 
(0 .45-10 '3)

[m]

y spool d isp lacem en t [m]

T f feedback  spring  end  deflection [m]

T fif Active feedback  sp ring  ball 
d isp lacem en t i f  there  is no spool

[m]

T i spool o rifice  opening [m]
T t i large tran sition  length [m]
z h a lf  the feedback  sp ring  ball 

c learance (2-1 O'6)
[m]

a je t  ang le in spool o rifice [°]
ß fluid com pressib ility  (1.9-10 9) [Pa]
S spool in  bush ing  rad ia l c learance 

(4-1 O'6)
[m]

7 fluid dynam ic v isco sity  (0 .012) [Pa-s]
<P flapper free end  inc lina tion [rad]
Ab m agnetic  perm eab ility  o f  vacuum [H/m ]
Am perm anen t m agnet perm eab ility

(5 )

[H/m ]

V flu id  k inem atic  v iscosity  (14-10 '6) [m 2/s]
e arm ature deflection [rad]

p flu id  density  (871) [kg/m 3]
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