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Abstract: Operating point drift over large temperature spans can significantly degrade the performance of servo valves. The
direction and magnitude of the deviation of the operating point are uncertain. To analyze and evaluate the mechanism of this
complex system with a multi-level structure and multi-variables, it is necessary to construct a theoretical model with a clear
physical concept to describe it. However, since the physical processes contain complex variations of structural parameters and
flow properties, there is a problem of simplifying approximations in deriving analytical mathematical relations. The advantages
of multi-physics field numerical analysis can compensate for this shortcoming of analytical formulations. Based on this, we
constructed a whole-valve transfer function model to realize the mechanism analysis and evaluate the operating point drift when
a thermal effect acts on a servo valve. The results show that the asymmetric fit relationship between the armature-nozzle
assemblies is an important reason for the drift of the operating point caused by the thermal effect. Differences in structural
parameters and fluid medium characteristics at different temperatures lead to nonlinear changes in the operating point. When the
deviation angle reaches ±1° , an increase in temperature will cause the absolute value of the tangent slope of the displacement
deviation of the spool to decrease from 1.44×10−5 m/℃ to 1.25×10−6 m/℃. The influence of the deviation angle is reflected in
the change in the absolute value of the tangent slope of the pressure deviation from 1.14×103 Pa/℃ to 110 Pa/℃.
Key words: Servo valve; Operating point drift; Mathematical model; Numerical analysis; Thermal effect

1 Introduction
Pressure control valves are widely used in air‐
craft braking systems because of their high precision,
high sensitivity, and fast response. However, the large
temperature variations during aircraft takeoff and land‐
ing pose a significant challenge to the performance of
pressure servo valves. Therefore, the mechanism of
thermal effects on the operating point drift of pressure
servo valves has become a current issue for analysis.
Servo valves are composed of a multi-stage struc‐
ture, and the thermal effect on the output is the result
of the combined effect of several subsystem character‐
istics. The study of the characteristics of each subsys‐
tem forms the basis of the system analysis. The torque
motor, as the first stage of the servo valve, was first
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modeled and analyzed at the theoretical level. To
obtain the ideal mathematical model more conveniently,
Merritt (1967) considered the magnetic circuit as a
2D plane. Based on this study, an improved torque
motor model was derived by considering the reluc‐
tance and leakage of permanent magnets (Urata, 2000;
Zhang QF et al., 2020). Subsequent theoretical model‐
ing attempted to make the model more consistent with
the actual physical process by improving the model
of the equivalent magnetic circuit (Yan et al., 2017).
Equating a 3D problem to a 2D model inevitably
ignores some details. Since then, researchers have tried
to explain the working process using 3D numerical
simulations. The results showed that this method is
more accurate than the equivalent model, but the inter‐
nal pressure characteristics and flow state are still
poorly understood. To observe the flow state inside the
pilot stage, Mchenya et al. (2011) observed the jet
shape, cavitation, and vorticity using a high-speed cam‐
era and computer-aided image measurement tech‐
niques. However, the experimental method is limited by
the precise mating dimensions, which makes it difficult
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to achieve reproduction of the actual state and accu‐
rate data acquisition. To gain insight into the velocity
and vortex distribution inside the pilot stage under dif‐
ferent flapper positions and inlet pressure conditions,
the use of computational fluid dynamics (CFD) tech‐
niques is a more suitable approach (Jacob et al., 2011).
The results of numerical simulations revealed that
cavitation occurs where vortexes are generated (Li et
al., 2013). A CFD method was used to try to verify
the suppression of this phenomenon by using new
flapper and nozzle shapes (Aung and Li, 2014; Yang
et al., 2019). The high-speed fluid entering the pilot
stage impacts the flapper, which is subjected to the
main flow force. The vortex that appears after the fluid
interferes with the solid flapper makes it subject to a
secondary flow force (Aung et al., 2014). To grasp the
principles and characteristics of the flow dynamics and
the source of forced vibrations of the armature assem‐
bly, Li et al. (2018) derived and validated mathemati‐
cal models of the flow dynamics and forced vibra‐
tions. For complex flow states that are difficult to cal‐
culate theoretically, numerical simulations can be an
effective alternative to experiments (Pan et al., 2011).
The numerical simulation technique can effectively
compensate for the shortcomings of traditional theo‐
retical analysis and better analyze the system charac‐
teristics of actual 3D problems.
For the study of system-level output characteris‐
tics, the construction of a mathematical model with
clear physical concepts is a more intuitive and desir‐
able approach. Merritt (1968) proposed a third-order
mathematical model of a servo valve, which is widely
used for its high accuracy. Kim and Tsao (2000) de‐
veloped a fifth-order system model of a servo valve
based on consideration of some nonlinear effects. Based
on differential geometry theory, Mu and Li (2011)
considered the higher-order nonlinear terms in the sys‐
tem and applied input and output linearization meth‐
ods to the mathematical modeling of a servo valve.
Liu and Jiang (2014) derived a seventh-order model of
the dynamic response of an electro-hydraulic servo
valve from the nonlinear equations considering two
degrees of freedom of the armature-flapper assembly.
For high-precision servo valves, it is difficult to accu‐
rately represent the dynamic performance of the sys‐
tem by relying only on theoretical modeling methods.
Numerical analysis has been used to achieve more
accurate predictions of complex flow states in the flow

field, which can be used to refine the theoretical mod‐
els (Pountney et al., 1989). Numerical analysis also
enables finite element analysis of critical and preci‐
sion components, such as feedback rod assemblies
and spring tubes, to obtain the required simulation
parameters for the actuator system (Somashekhar
et al., 2007). Yu et al. (2014) used CFD techniques
to evaluate the flow dynamics and valve frequency
response characteristics of the new rotary direct drive
servovalve spool. Conventional 2D simulations and
theoretical calculations always estimate the receiving
pressure lower than the experimental data. Yan et al.
(2019) proposed two hypotheses about the pilot stage
flow distribution based on which a more complete
theoretical model can be constructed. It has been dem‐
onstrated that the flow field is too complex, and thus
an accurate mathematical model cannot be established.
Numerical simulations make complex hydrodynamic
problems simple, and the results describe the actual
physical processes more accurately than do the theo‐
retical models (Li, 2016).
The various analytical methods described above
are based on performance analysis and characteriza‐
tion of the system in a normal temperature environ‐
ment. The evaluation of the performance of servo
valves in environments with large temperature spans
by introducing temperature variables into the system
analysis model introduces new problems to be faced.
The direct effects of high- and low-temperature envi‐
ronmental conditions on electro-hydraulic servo valves
are reflected in structural clearances, fluid characteris‐
tics, spool leakage, and material hardness (Zhang et al.,
2010). These changes affect the flow coefficient of the
throttle orifice and the change of zero control pressure
(Zhao et al., 2015). The effect of hydraulic fluid tem‐
perature variations on the control characteristics of
servo valves can be analyzed based on AMESim soft‐
ware (Chen and Wang, 2018). To find out the causes
of servo valve current fluctuation due to temperature
drift, Li et al. (2017) investigated the servo valve cur‐
rent fluctuation due to temperature drift by simula‐
tion. Temperature also affects the spool operating force
(Zhang Y et al., 2020).
Therefore, to analyze and evaluate the mecha‐
nisms of thermal effects on the operating point of a
pressure servo valve, the following work was carried
out. Firstly, under the basic assumptions, a fundamen‐
tal analysis of the forces on the spool was carried out
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through a problem description, and the various com‐
ponents affecting the spool motion were identified. A
theoretical model of the components affecting the
spool state was then established based on the working
principle of the servo valve, and an expression for the
moment containing environmental variables and struc‐
tural parameters was derived. Expressions with clear
physical concepts can explain the mechanism of ther‐
mal effects on output. Based on this, the complex phys‐
ical process was simulated numerically based on a 3D
physical model of actual dimensions, taking into
account the variation of structural parameters and fluid
properties. Finally, a mathematical model of the entire
valve was constructed using the mathematical model
fitted by numerical analysis. The analysis and evalua‐
tion of the mechanism of the thermal effect at the
operating point of the pressure servo valve were real‐
ized by analyzing the trends of the factors affecting the
spool motion.

2 Description of problem
2.1 Composition and working principle of a servo
valve
An electro-hydraulic servo valve is usually com‐
posed of an electrical-mechanical converter, pilot stage,
spring tube, and spool. The double-nozzle flapper
pressure servo valve in this study consists of a torque
motor, nozzle flapper pilot stage, and spool (Fig. 1).
The torque motor converts an input electrical signal
into mechanical quantities, such as torque and rota‐
tion angle, which are then converted by the spring
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tube into a linear displacement or rotation angle to
drive the motion of the pilot stage.
The pilot stage of the hydraulic control element
has an important influence on the steady-state control
accuracy and dynamic response characteristics of a
servo valve. The double-nozzle flapper pilot stage uses
a frictionless variable throttle orifice amplifier to regu‐
late the control cavity pressure on each side of the spool
through the variable throttle orifice overflow area. The
spool described here uses integrated pressure feed‐
back to achieve pressure output through the combined
effect of differential pressure in the feedback, control
cavity, and other forces.
2.2 Basic assumptions
Our purpose was to make the analysis more gen‐
eral and more convenient for subsequent theoretical
derivation and numerical analysis. The basic assump‐
tions were as follows:
(1) The shape of the spool and sleeve is ideal
cylindrical.
(2) The radial clearance between the spool and
sleeve, and the lateral force on the spool, are not
considered.
(3) The inhomogeneity of the structure is not
considered.
(4) The effect of pressure pulsation generated by
the fluid is not considered.
2.3 Analysis of the force balance relationship of
the spool and its influencing factors
As the last stage of the servo valve, the move‐
ment of the spool directly affects the output pressure
of the whole valve. The spool is subjected to the con‐
trol cavity differential pressure force, feedback cavity
differential pressure force, flow force, inertia force,
and damping force. The differential pressure in the
control cavity directly causes the balance of forces on
the spool to change and affects the size of the valve
opening.
The kinetic equation of the spool can be ex‐
pressed as

(p -p )A = (p -p )A +F +F +F
cl

Output Return Input

Fig. 1 Structure diagram of a nozzle flapper pressure
servo valve
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where pcl and pcr are the pressures of the control cavi‐
ties on the left and right sides, respectively, Av is the
area of action of the control pressure, pfl and pfr are the
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pressures of the feedback cavities on the left and right
sides, respectively, and Af is the area of action of the
feedback pressure. Fm is the inertia force, FB is the
damping force, and Fflow is the flow force. The force
analysis of the valve spool is shown in Fig. 2.
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Fig. 2 Schematic diagram of the force analysis of valve
spool. Fcl and Fcr are the driving forces of the control
cavities on the left and right sides, respectively

The drift of the operating point under the action
of the thermal effect is due to the destruction of the
spool force balance relationship. The factors that affect
the control pressure at both ends of the spool include
mainly the torque motors, spring tube, and pilot stage
components. Therefore, the mechanism analysis and
evaluation of the thermal effect on the drift of the servo
valve operating point need to be analyzed comprehen‐
sively from the system level.
Changes in temperature are most likely to affect
the structural parameters of the torque motor and spring
tube assembly (Fig. 3). The electromagnetic field of
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3 Theoretical model of thermal effects acting
on the components of the servo valve
The main purpose of this section is to obtain
clear mathematical expressions of physical concepts
at each stage, based on consideration of the influence
of thermal effects on structural parameters and medi‐
um characteristics. Analysis of the mechanism of the
thermal effect on the drift of the servo valve operating
point is based on the physical process.
3.1 Electromagnetic torque of the torque motor

Operating point

Permanent
magnet

the torque motor is used to obtain the electromagnetic
torque coefficient, and the structural field of the spring
tube assembly is used to obtain the stiffness coeffi‐
cient. For the subsystems involving the flow field, due
to the strong interference between the fluid and the
structure, the flow coefficient and the flow force need
to be analyzed.
In this study, based on the working principle of
the servo valve, intensive parameter modeling of each
main subsystem was carried out. By constructing a
theoretical model with a clear physical concept to de‐
scribe the relationship between structural parameters,
environmental variables, input parameters, and perfor‐
mance, we attempt to explain the mechanism of the
thermal effect on the drift of the servo valve operating
point. Multiphysics numerical analysis was used to
numerically fit the input-output relationship of each
main subsystem. On this basis, a full-valve transfer
function model was constructed to realize the evalua‐
tion of the operating point drift during the thermal
effect of the servo valve.

Flow force

Fig. 3 Schematic diagram of the effect of temperature
loading on the pressure in the control cavity

The function of the torque motor is to convert
the input control signal into a rotation angle or displace‐
ment proportional to the input signal. In this study, we
adopted a permanent magnet moving iron type torque
motor composed of a permanent magnet, magnetic
conductor, energized coil, and armature (Fig. 4). The
armature is located at the top of the spring tube and
can swing around its top in four working air gaps.
When the control signal is input, the control magnetic
flux generated by the control coil passes through the
four air gaps in different directions, so that the sum of
the magnetic flux of the air gaps is no longer equal.
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The force balance of the armature is broken, and the
armature generates a torque proportional to the con‐
trol signal. A schematic diagram and equivalent cir‐
cuit diagram of the magnetic circuit with intrinsic flux
are shown in Fig. 5.
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Fig. 4 Schematic diagram of the torque motor structure
and magnetic circuit
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Fig. 5 Schematic diagram (a) and equivalent circuit
diagram (b) of the magnetic circuit with intrinsic flux (the
parameters are explained in the text)

Based on the basic method of circuit calculation,
the following expressions for the relationship between
magnetic flux, magnetoresistance, and magnetic po‐
tential can be obtained:
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where Ri (i=1, 2, 3, 4) is the reluctance of the four
working air gaps, Rp is the internal resistance of the
permanent magnet, RL is the reluctance of the magnetic
leakage, Rm is the reluctance of the magnet on the mag‐
netic circuit, Ra is the reluctance of the armature, and Mp
is the magnetomotive force of the permanent magnet.
Ignoring the reluctance change of the permeable
magnet, the air gap reluctance and magnetomotive
force will directly affect the magnetic flux of the air
gap. We assumed that the flux strength of the mag‐
netic conductor and armature would not saturate, and
neglected the hysteresis of the magnetic circuit.
When the temperature rises, the thickness of the
air gaps 1 and 2 at the neutral position can be ex‐
pressed as

(
) H2 (1 + α DT ) H (1 + α DT ) 

g gd = H s 1 + α s DT -

Part of the intrinsic flux generated by the perma‐
nent magnet returns to the magnet after passing through
the magnetic conductor and the working air gap,
while the other part returns to the magnet through the
air. The effective fluxes through the magnetic conduc‐
tor and the working air gap are denoted by ϕ1 and ϕ2,
respectively, while the leakage fluxes are indicated by
ϕ3 and ϕ4. To complete the flux calculation using the
mesh current method, let the fluxes inside the arma‐
ture and conductor circuit be ϕ5 and ϕ6, respectively.

)

g

a

a

(3)

m

where Hs is the height of the center of the armature,
which is related to the thermal expansion of the spring
tube. Ha is the thickness of the armature, and Hg is the
height of the magnetic conductor. αs, αa, and αm are the
coefficients of thermal expansion of the spring tube,
armature, and magnetic conductor, respectively. T is
the temperature.
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Similarly, the thickness of air gaps 3 and 4 can
be expressed as

(

)

(

)

g gu = H p 1 + α p DT + 2H m 1 + α m DT - g gd  (4)

where Hp is the height of the permanent magnet, Hm is
the thickness of the magnetic conductor, and αp is the
coefficient of thermal expansion of the permanent
magnet.
The magnetic flux through the air gap is influ‐
enced not only by the magnetic resistance, but also by
the magnetic potential of the permanent magnets. The
magnetic momentum provided by the permanent mag‐
net to the external magnetic circuit after removing the
internal reluctance to consume magnetic momentum
can be expressed as
Mp = lm

[ 1 + ( T - 20) α ]
B

μm

(1 - R ) B 
IL

0

(5)

where lm is the height of the permanent magnet, αB is
the temperature coefficient of remanence, μm is the
magnetic permeability, RIL is the irreversible loss rate,
and B0 is the remanence at room temperature.
The relationship between the magnetic field
strength and flux density of a permanent magnet is
represented by the B-H characteristic curve. When the
B-H curve of the permanent magnet is approximated
as linear, the magnetic permeability μm of the perma‐
nent magnet can be regarded as a constant.
F=

ϕ2

2μ 0 A g

(6)

where F is the force acting on the armature’s cantile‐
ver, ϕ is the magnetic flux passing through the work‐
ing air gap, μ0 is the permeability of air, and Ag is the
effective area of the air gap.
The expression for the electromagnetic moment
can be expressed as

(

)

T d = 2a F 1 + F 2 - F 3 - F 4 

(7)

where a is half the length of the armature, and Fi (i=1,
2, 3, 4) are the electromagnetic forces generated by
the four working air gaps, respectively.
Therefore, the thermal effect will act on the struc‐
tural parameters of the magnetic conductor and the

performance of the permanent magnet. Variations in
the properties of permanent magnets affect the intrinsic
magnetic flux in the magnetic circuit. At the same
time, under the premise of changing the structural pa‐
rameters of the permeable magnet, the deflection move‐
ment of the armature under the action of the control
signal will cause a difference in the magnetic flux of
the four air gaps. Based on the combined effect of these
two main factors, the angle of rotation of the armature
and the electromagnetic torque output in different tem‐
perature environments will differ from those at room
temperature.
3.2 Bending moment of the spring tube
The spring tube is a thin-walled round tubular
structure made from a highly elastic beryllium copper
alloy with a high elastic modulus. The spring tube is
assembled on the valve body between the torque
motor and the pilot stage (Fig. 6). A flapper located in
the center of the armature fits into the spring tube using
interference assembly. The armature is activated by
the electromagnetic driving force to counteract the tor‐
sion moment of the spring tube and the flow force of
the pilot stage to deflect the flapper.
The stiffness of the spring tube can be expressed as
Ks =

πE s ( D 4s - d s4 )

64l s

(8)

where Ds and ds are the outer diameter and inner diam‐
eter of the spring tube, respectively, ls is the length of
the spring tube, and Es is the elastic modulus. Thus,
DD s D s = Dd s d s = Dl s l s = α s DT. The elastic modulus
Es decreases with the increasing temperature, and
DE s E s = -η s DT, where ηs is the temperature coeffi‐
cient of the modulus of elasticity.
Metal physics research shows that the ratio of
the temperature coefficient of elastic modulus ηs to the
linear expansion coefficient αs is a constant value of
0.04. The expression for the change in stiffness with
respect to the change in temperature can be written as
21.66πα s E s ( D 4s - d s4 )
êé
úù
K s = ê1 DT ú K s0 
64l
s
ë
û

(9)

where Ks0 is the stiffness of the spring tube at room
temperature.
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Therefore, the thermal effect will act on the elas‐
tic modulus and structural parameters of the spring
tube, thereby affecting its stiffness. Under different
thermal loads, the same action will result in different
bending moments and deflection angles.
3.3 Hydrodynamic torque of fluid
The thermal effect on the pilot stage and the valve
body is directly manifested in the thermal expansion
and fluid characteristics of the structure. Previous stud‐
ies have found that the influence of temperature on
fluids is reflected mainly in two properties: viscosity
and density. The viscosity and density characteristics
of fluids can be modeled by the following equations:

(
)
ρ = ρ exp ( -α DT + β Dp ) 
υ = υ 0 exp -α υ DT + β υ Dp 
0

ρ

ρ

(10)
(11)

where υ0 and ρ0 are the kinematic viscosity and fluid
density at normal temperature, respectively. αυ and αρ
are the temperature coefficients, and βυ and βρ are the
pressure coefficients. p is the pressure of the oil. Tem‐
perature has a more significant effect on fluid proper‐
ties than does pressure. Therefore, we considered only
temperature in this study and ignored the influence of
pressure.
The flow coefficient of the throttle orifice is re‐
lated to the Reynolds number. The Reynolds number
characterizes the ratio of the inertial and viscous forces
of a fluid, which determines whether the flow pattern
of the fluid is laminar or turbulent. The Reynolds num‐
ber of a fixed throttle orifice can be expressed as
R df =

2r df
υ

2Dp f

ρ

(12)

where υ is the viscosity, rdf is the radius of the fixed
throttle orifice, and Δpf is the pressure difference
between the two sides of the orifice.
The Reynolds number of the nozzle can be ex‐
pressed as
R dn =

[

(

2πD n x f0 ± x f

(

)

υ πD n + x f0 ± x f

)]

2Dp n

ρ

(13)

where Dn is the nozzle diameter, xf0 is the initial dis‐
tance between the nozzle and the flapper, xf is the

displacement of flapper, and Δpn is the pressure differ‐
ence across the nozzle.
Thermal effects will directly affect the Reynolds
number through density, viscosity, and structural pa‐
rameters. Based on previous studies, we conclude that
the flow coefficient is a function of the Reynolds
number.
The nozzle ejects fluid that acts on the flapper
flow force in two main ways. On the one hand, flow
force is generated by the stagnation pressure in the
nozzle projection area. This is due to the high-speed im‐
pact of the fluid on the flapper surface, converting the
kinetic energy of the fluid into static pressure energy.
On the other hand, flow force is generated by the
change in fluid momentum on the remaining flapper
surface outside the nozzle projection area.

(

) (p

(

)(

êé
32C dn2 x f0 - x f
F L = êê p Ln ê
D 2n
ë
éê
32C dn2 x f0 + x f
F R = êê p Rn +
ê
D 2n
ë

2

2

)

- p r úù
úú A n  (14)
ú
û
p Rn - p r ùú
úú A n  (15)
ú
û
Ln

)

where FL and FR are the flow forces on each side of
the flapper, pLn and pRn are the pressures of the control
cavity on each side of the spool, respectively, Cdn is
the flow coefficient of the nozzle, and pr is the return
pressure.
Therefore, the thermal effect will cause changes
in fluid properties and structural parameters, which
will directly affect the flow force. The force balance
relationship of the spool and the working point of the
whole valve is determined mainly by the flapper-nozzle
gap flow resistance. The position of the flapper de‐
pends on the combined effects of the electromagnetic
moment, the bending moment of the spring tube, and
the hydrodynamic moment. These critical moments to
which the armature-flapper assembly is subjected are
all functions of temperature. Therefore, such complex
system problems need to be evaluated with the help
of mathematical models of the whole valve to assess
their performance. However, there is the problem of
simplifying the approximation in deriving the analyti‐
cal mathematical relationships, and a multi-physics field
numerical analysis is needed to analyze the forces on
the armature-flapper assembly.
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Within complex systems containing electromag‐
netic, fluid, and solid interactions, it is difficult to
study the thermal effects of servo valves by theoreti‐
cal analysis alone, especially the interference between
fluids and solids present in the pilot stage and valve
body. To obtain a more accurate model of the local
characteristics of each stage and to further evaluate
the effect of thermal effects on the operating point drift
of the servo valve, numerical simulations of the elec‐
tromagnetic field of the torque motor, the structural
field of the spring tube, and the flow field of the pilot
stage are described in this section.
4.1 Numerical simulation of electromagnetic torque
on the armature
In the theoretical analysis section, the output
torque equation was derived by analyzing the magnetic
circuit of a simplified 2D torque motor. Due to the
non-axisymmetric structure of the torque motor and
the complexity of the magnetic circuit, if the structure
is considered as a 2D problem then many details related
to the structure are ignored. In addition, there are ap‐
proximate estimates for the calculation of the air gap
reluctance, component reluctance, and leakage flux,
which eventually lead to some deviations in the coef‐
ficients in the electromagnetic torque equations.
To understand the change law of electromagnetic
torque and the influence of thermal effects more clearly,
numerical simulations of electromagnetic torque under
different angles and temperatures were carried out.
The model of the torque motor is shown in Fig. 6.
The permanent magnet material is LNGT60, which is
characterized by a relatively small temperature coeffi‐
cient and a small change in magnetic properties caused
by temperature changes. At 40 ℃, the permanent mag‐
net has a remanence of 0.9 T, a coercivity of −11 kA/m,
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Fig. 6 Three-dimensional model of the torque motor used
for numerical analysis
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Fig. 7 Simulation results of electromagnetic torque

The expression for the electromagnetic mo‐
ment derived from the theoretical analysis can be
expressed as
T d = K m θ = K m1T + K m2 

Armature

Coil holder

and a relative permeability of 6.51. Both the magnet
conductor and armature are made of iron-nickel soft
magnetic alloy 1J50, which has relatively high permea‐
bility and low coercive force in low magnetic field envi‐
ronments. The structure of this alloy does not change
significantly under the effect of temperature. There are
1100 turns of wire loops on each arm of the armature.
As shown in Fig. 7, the electromagnetic torque
grows in an essentially linear manner during the de‐
flection of the armature within the limits. At the same
deflection angle, the electromagnetic torque decreases
with increasing temperature. In the case of an armature
deflection angle of 0.1° , the electromagnetic torque is
0.019835 N·m when the temperature is 40 ℃, decreas‐
ing to 0.018974 N·m when the temperature increases
to 120 ℃. The amount of change in torque will be even
smaller when the armature is within a deflection angle
of 0.1°. According to the theoretical analysis, the arma‐
ture deflection angle and the electromagnetic torque
are linearly related, and the coefficient can be defined
as the electromagnetic spring torque coefficient Km.

Electromagnetic torque (×10-3 N·m)

4 Simulation results and discussion

(16)

where Km1= − 0.004837 N·m/(rad·℃ ) is the tempera‐
ture coefficient of the electromagnetic moment, and
coefficient Km2=11.61 N·m/rad.
Accordingly, thermal effects can influence the
electromagnetic torque by changing the structural
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parameters and the permanent magnet characteristics.
The structural parameters directly affect the reluctance
of the magnet conductor and the operating air gap,
while the permanent magnet characteristics determine
the magneto dynamic potential.
4.2 Numerical simulation of the flow coefficient
of the orifice
The nozzle flapper servo valve relies mainly on
a multi-stage throttling structure to achieve control of
the output. In particular, the variable throttle orifice of
the pilot stage realizes the adjustment of flow resis‐
tance by changing between the flapper and the nozzle.
Analysis of the flow characteristics of the throttle
structure is necessary. The first factor that should be
considered for the numerical analysis of the flow field
is the fluid properties. A nonlinear least-square meth‐
od based on the trust-region algorithm is used to fit
the available oil property data, and temperature coeffi‐
cients of fluid viscosity and density are 0.0626 and
0.000575, respectively.
For the analysis of the influence of the thermal
effects of the flow field in the valve, it is necessary to
consider not only the characteristics of the fluid, but
also the variation of the key structural dimensions.
Among the structural parameters are the diameter of
the fixed throttle orifice, the diameter and length of
the nozzle, and the width of the flapper. The variation
patterns of these structural parameters are based on
the equations in the theoretical calculation section.
The 3D model created is shown in Fig. 8, in which as
many structural details as possible are preserved.
Armature

Spring tube

Pilot stage

Flapper

Nozzle cavity

Nozzle
Outlet

Oil circuit

Control
cavity

Fixed throttle
orifice

Inlet
Fluid region

Fig. 8 Three-dimensional model of the fluid domain
inside the valve

Considering the symmetry of the structure, the
calculation domain adopts a single nozzle structure.

This can effectively reduce the computational burden
caused by the excessive number of grids, and can col‐
lect data more conveniently. Considering irregular geo‐
metric shapes and large-scale changes, polyhedra ele‐
ments are more suitable for meshing. By using the
fixed type size function, a finer grid is constructed
around the flapper-nozzle gap area and the fixed ori‐
fice. The results of grid independence analysis show
that the adopted grid can obtain reasonable and ac‐
ceptable results. The number of element grids was
1972034, and the skewness values were all less than
0.7 (Fig. 9).

Fig. 9 Meshing of the computational domain

The corresponding boundary conditions were set
according to the actual working conditions of the servo
valve. There are three types of boundaries set in the cal‐
culation domain, namely the pressure inlet, wall bound‐
ary, and pressure outlet. Wall type boundaries confin‐
ing the fluid or solid regions are defined at all other
surfaces. For viscous flow, the no-slip stationary con‐
dition is applied by default. Simulated by FLUENT,
the flow medium is aviation hydraulic oil, and the inlet
pressure is set as 21 MPa during the calculation, while
the outlet pressure is kept constant at 0.4 MPa. For
turbulent behaviors, the set of turbulent kinetic energy
and dissipation rate equations are solved using the
standard k-ε model. In the pressure–velocity coupling,
the SIMPLEC scheme is used since it allows the higher
pressure-correction under relaxation factor that helps
to speed up convergence. In spatial discretization, the
body “PRESTO!” scheme is used for pressure discret‐
ization to work flexibly in a complex computational
domain. The first-order upwind is applied for the
momentum and the set of standard k-ε equations.
Since the structure of the flow channel in the
valve body is symmetrical, only half of each structure
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is used as the calculation domain to facilitate data col‐
lection, while also saving energy, computer memory,
and calculation time. The inlet pressure and outlet
pressure are set boundary conditions. The pressure loss
between the control cavity pressure and the nozzle
cavity can be ignored, and the control cavity pressure
can be easily collected. Based on the flow continuity,
the flow rate of the inlet is equal to that of the nozzle
and fixed orifice, and its value can be obtained. Ac‐
cording to Eqs. (22) and (23), the flow coefficients of
the fixed orifice and the nozzle can be easily obtained.
According to the flow equation at the throttle orifice,
the curved surface of the flow coefficient of the fixed
orifice and the nozzle under the combined action of
different pressure differences and thermal effects can
be obtained, as shown in Fig. 10.

Based on the numerical analysis, expressions for
the flow coefficients of fixed throttle orifices under
the influence of thermal effects can be obtained:
C df = c d1T 3 + c d2T 2 + c d3T + c d4 

(17)

where the coefficients cd1=4.196×10−7, cd2=−1.226×10−4,
cd3=1.202×10−2, and cd4=0.3875.
With the change of the flapper displacement, the
nozzle flow shows basically a linear trend. However,
when the flapper is at the same offset, the thermal ef‐
fects make the flow show nonlinear behavior. From
the maximum flow rate at 80 ℃, temperature increases
or decreases will reduce the flow rate through the
nozzle. Based on the fitted curve, an expression for
the nozzle flow coefficient under the influence of ther‐
mal effects can be obtained:

(

) (

)

C dn = k a1T + k a2 x f + k b1T 3 + k b2T 2 + k b3T + k b4  (18)
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where the coefficients ka1=−2.26×10−2, ka2=−5.11, kb1=
1.47×10−7, kb2=−4×10−5, kb3=3.49×10−3, and kb4=0.5841.
Therefore, the influence of environmental vari‐
ables and structural parameters on flow characteristics
can be obtained through numerical simulation. Ther‐
mal effects can affect the fluid flow state by changing
fluid characteristics and structural parameters. The
effect can be evaluated by numerical simulation of
explicit expressions with physical concepts.
4.3 Numerical simulation of the flow force on the
flapper
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Fig. 10 Curved surface of the flow coefficient of the fixed
orifice and the nozzle under the combined action of different
pressure differences and thermal effects: (a) flow coefficient
of the fixed throttle orifice (Cdf); (b) flow coefficient of the
nozzle (Cdn)

After the high-speed fluid in the nozzle enters
the pilot stage volume cavity, the impact force on the
flapper surface is the flow force. The components of
the flow force are complex, and the theoretical analysis
can be divided roughly into the static pressure on the
nozzle projection area and the flow force generated
by the vortex.
The length of the pipeline is appropriately short‐
ened without affecting the flow field solution. Accord‐
ing to the results of the theoretical analysis, the stag‐
nation pressure is generated by the flow force, nozzle
diameter, and the pressure of the nozzle cavity, while
the fluid momentum generated by the flow force is also
related to the flow coefficient and the flapper-nozzle
gap width. The nozzle flapper structure under the
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influence of thermal effects, and the deflection of the
flapper have been parameterized in Solidworks. To
obtain a clearer overview of the pressure distribution
on the flapper surface, the pressure distribution on

Pressure (MPa)

Pressure (MPa)

10

each side of the surface of the flapper was collected at
different offset positions of the flapper (Fig. 11).
There is a distinct circular peak in the central re‐
gion of the nozzle and a circular low-pressure area
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Fig. 11 Pressure distribution on each side of the surface of the flapper at different temperatures when the displacement
of the flapper xf=10 μm: (a) T=40 ℃, left surface; (b) T=40 ℃, right surface; (c) T=80 ℃, left surface; (d) T=80 ℃, right
surface; (e) T=120 ℃, left surface; (f) T=120 ℃, right surface
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obvious when the gap between the nozzle and the
flapper is large.
Therefore, the expression for the relationship be‐
tween the flow force and temperature can be written as

(

where the coefficients cf1=1.1×10−2, cf2=−4.09, cf3=547,
cf4=−3.158×104, and cf5=6.823×105.
The numerical analysis shows that the effect of
temperature and flapper offset on the flow state of the
fluid is significant.

5 Analysis and evaluation
In the previous sections, the numerical simula‐
tion results of complex links have realized the numeri‐
cal fitting and parameter correction of the theoretical
model. The purpose of this section is to synthesize the
results of the above analyses and analyze the influ‐
ence of thermal effects on the output of the servo
valve by modeling the transfer function of the entire
valve. A modular block diagram of the whole valve
performance analysis is shown in Fig. 13, which is di‐
vided into three main parts: the torque motor, pilot
stage, and spool. The nomenclature of the simulation
parameters of the servo valve is shown in Table 1.
The equilibrium equation for the torque on the
armature-flapper assembly can be obtained by apply‐
ing Newton’s second law and rigid body dynamics:
Torque motor
dθ/dt
1/s

1/s

Tm
Km
m
T
Kss a
Tf
Kff

θ

θe

Flow force (N)

)

F flow = c f1T 4 + c f2T 3 + c f3T 2 + c f4T + c f5 x f  (19)

0.6

QLf
Lf

d2θ/dt2

around the peak. When the flapper moves to the left,
the pressure in the left nozzle chamber is higher and
the flow rate at the outlet increases. Therefore, the
surface stagnation pressure is also greater when the
kinetic energy of the nozzle jet fluid increases. As the
flapper offset increases, the peak on the left gradually
increases and the peak on the right gradually decreases.
Between the peak and the annular low pressure area is
a pressure gradient area, in which the pressure drops
smoothly and rapidly. The periphery of the annular
low-pressure zone, that is, the remaining area of the
flapper, can be called a flat area. The pressure in the
flat area is slightly higher than the return pressure.
The areas of the peak, ring, and flat regions remain
essentially constant at different temperatures. However,
the amplitudes of the peak and flat region gradually
increase with rising temperature. In contrast, the pres‐
sure in the annular low pressure region reduces with
increasing temperature.
The numerical simulation results of the flow force
for different displacements of the flapper and differ‐
ent temperatures are shown in Fig. 12. At the same
temperature, the variation of the flow force appears
essentially linear. However, at the same offset, the
effect of temperature on the flow dynamics is relatively
large. In particular, at an offset of 10 μm, the flow
force decreases rapidly from 0.575 to 0.152 N when
changing the temperature from 40 to 60 ℃. The flow
force is the lowest at 60 ℃ and then shows a nonlin‐
ear increase with the gradient of the gradual decrease
in growth. The exponential change between fluid vis‐
cosity and temperature characteristics greatly affects
the fluid motion characteristics. This effect is more
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Fig. 13 A modular block diagram of the whole valve
performance analysis
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Table 1 Nomenclature table of simulation parameters
Symbol

Description

s

Laplace operator

θ

Deflection angle of the armature-flapper assembly

t

Time

θe

Deviation angle

i

Current signal

Ks

Stiffness coefficient of spring tube

Kf

Stiffness coefficient of flow force

Ba

Viscous damping coefficient of the armature
assembly

Ki

Coefficient of the electromagnetic moment at
neutral position

Tm

Torque of the electromagnetic spring

Ta

Torque of the spring tube

Tf

Torque of the flow force

Ja

Moment of inertia of the armature assembly

r

Length of the force arm of the flow force

ì
ïï Q Lf = C df A df
ïï
í
ï
ïï Q Rf = C df A df
ïî

Throttle orifice

Compressibility of hydraulic oil

V

Volume of the control cavity when the spool is in
the neutral position
Mass of the spool

Bv

Comprehensive damping of the spool

Kh

Stiffness of the return spring

pout

Output pressure

xv

Displacement of the spool

qs

Flow rate of the output

Vt

Volume of the output cavity

Kti + Kmθ = Ja

QLn

Nozzle
pRn

pLn

QRn

Control cavity

Oil filter

QRf
ps

pLv

pRv

Spool

Fig. 14 Schematic diagram of the structure and flow
distribution of the valve body. pLv and pRv are the pressures
in the control cavities on the left and right sides of the
spool, respectively

Assuming that the flapper is offset from the neu‐
tral position by xf distance, the flow rate from each
side of the nozzle can be expressed as

(
(

ì
ïï Q Ln = C dn πD n x f0 - x f
ïï
í
ï
ïï Q Rn = C dn πD n x f0 + x f
ïî

d2θ
dθ
+ Ba
+ K s θ + F flow r (20)
2
dt
dt

where Kt is the coefficient of neutral electromagnetic
torque, and Fflow is the flow force on the flapper.
Since the angle of rotation is relatively small, the
relationship between the angle of rotation of the arma‐
ture and the displacement can be approximated as
x f = rθ.

(22)

Rn

QLf

E

Control force on the spool

s

Nozzle cavity

QLn, QRn Flow rates out of the nozzle on the left and right
sides, respectively

Fcv

( )
2
p -p ) 
ρ(
2
p -p 
ρ s Ln

where Adf is the area of the throttle orifice.

QLf, QRf Flow rates out of the fixed throttle orifice on the
left and right sides, respectively

mv

nozzle and the movable flapper create two-variable
gaps, forming two structures similar to variable orifices
(Fig. 14). According to the throttling equation, the flow
rate through the fixed throttle orifice can be expressed as

(21)

The nozzle flapper pilot stage consists of the flap‐
per, fixed orifice, nozzle, and oil return orifice. The

) 2ρ ( p
) 2ρ ( p

Ln

Rn

)
-p ).

- pr 

(23)

r

Since the volume of the cavity has little effect on
the pressure of the control cavity, the effect of temper‐
ature on the volume of the cavity is ignored. Consider‐
ing the compressibility of the closed cavity at both ends
of the valve spool, the pressure in the control cavity
can be expressed as
ì ṗ =
ï Ln
ï
í
ï ṗ =
ïî Rn

(
(

)
)

E
Q - Q Ln - A v v v 
V Lf
E
Q - Q Rn + A v v v 
V Rf

where vv is the speed of the spool movement.

(24)
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Therefore, the control driving force of the valve
spool can be expressed as

(

The change of control force will affect the force
balance state of the spool, which is also the factor
with the most direct influence on the operating point
drift of the servo valve under the thermal effect.
Since the spool used in this study has an inte‐
grated feedback structure, a dynamic equilibrium equa‐
tion of the spool can be established:

(

(

)

E
Q - Q Rf - Q Ln + Q Rn - 2A v v v A v. (25)
V Lf

)

F cv - p out - p r A f = m v

d2 xv
dx v
+ Bv
+ K h x v. (26)
dt
dt 2

Considering the oil compressibility, the relation‐
ship between the output flow rate and the displace‐
ment of flow rate of the servo valve output can be
expressed as
ì
ïï q s = C vW (x v - x 0 )
ïï
í
ï
ïï q s = C vW (x v - x 0 )
ïî

2
(p - p ) 
ρ s out
2
(p - p ) 
ρ out r
Vt
qs =
ṗ 
E s

x v - x 0 > 0

(27)
x v - x 0 ≤ 0

(28)

where Cv is the flow coefficient of the orifice of the
spool, W is the area gradient, and x0 is the overlap of
the slide valve.
When there is no input control current signal, the
static equilibrium equation of the armature-flapper
assembly can be written as
K m θ = K s θ + K f r 2 θ

(30)

When the pressure difference of the control cavity
is enough to drive the spool to produce output pres‐
sure, the spool will close again under the action of the
feedback force. To facilitate the analysis of the spool
movement range, it can be assumed that the spool has
a large overlap. When there is no input signal, the
analysis of the displacement of the spool is realized
by setting different deviation angles and temperatures.
In the two cases of positive and negative devia‐
tion angles, the effect of temperature on the spool dis‐
placement is completely different. The z-axis in Fig. 15
is the relative value of the steady-state position of the
spool at the zero deviation angle. The direction of the
deviation angle is the same as the movement direction
of the spool. The greater the absolute value of the
deviation angle, the greater the deviation of the spool
deviation. This means that when the deviation angle
of the armature assembly is positive, the dead zone of
the servo valve will gradually increase as the tempera‐
ture increases. Conversely, when the deviation angle
is negative, the increase in temperature will cause the
dead zone of the servo valve to decrease. When the
deviation angle reaches 1°, in the range of 40–50 ℃,
the displacement deviation decreases from 5.68×10−4 m
to 4.24×10−4 m, and the tangent slope of the displace‐
ment deviation reaches 1.44×10−5 m/℃. In the range of
110–120 ℃ , the displacement deviation is reduced

5

(29)

where Kf is the flow force stiffness coefficient obtained
by numerical analysis. Assuming that the armatureflapper assembly maintains a vertical matching rela‐
tionship, whether it is in the neutral position or the
overall deflection, its position will be stable at the
neutral position.
We assumed that the armature, spring tube, and
nozzle flapper had a deviation angle during process‐
ing or assembly. The deviation angle of these elements
can be converted into an additional deflection angle

)

K m θ + θ e = K s θ + K f r 2 θ.

Δxv (×10-4 m)

F cv =

of the armature. Therefore, the above formula can be
written as
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Fig. 15 Variation in the displacement deviation of the
spool with the temperature and deviation angle
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from 1.60×10−4 m to 1.48×10−4 m, and the tangent slope
of the displacement deviation is only 1.25×10−6 m/℃.
When the torque motor has a 20-mA input signal,
the deviation of the output pressure varies with the
temperature and deviation angle as shown in Fig. 16.
The z-axis is the relative value of the output pressure
at the zero deflection angle, which can be defined as
the deviation pressure. A larger deviation angle will
result in a greater deviation pressure. The deviation
pressure is more obvious at lower temperatures. When
the deviation angle is positive, the output pressure drop
gradually decreases as the temperature increases. The
reduction process is nonlinear, and the gradient is rela‐
tively large in the relatively low temperature stage.
When the deviation angle is negative, the temperature
increase will cause the output pressure to increase.
This indicates that the variation of the operating point
caused by the deviation angle in the positive and neg‐
ative directions under the action of the thermal effect
is opposite. When the deviation angle reaches 1°, in the
range of 40 – 50 ℃ , the pressure deviation decreases
from 4.49×104 Pa to 3.35×104 Pa, and the tangent slope
of the pressure deviation reaches 1.14×103 Pa/℃ . In
the range of 110–120 ℃, the pressure deviation is re‐
duced from 1.27×104 Pa to 1.16×104 Pa, and the tan‐
gent slope of the pressure deviation is only 110 Pa/℃.
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Fig. 16 Variation in the deviation of the output pressure
with the temperature and deviation angle

6 Conclusions
Based on the physical process of the servo valve,
we first established a mathematical model of the key
links under the action of the thermal effect to illustrate

the mechanism of the thermal effect acting on the
operating point of the servo valve. To evaluate the ther‐
mal effect, a mathematical model of the entire valve
was established based on the results of numerical sim‐
ulation. Based on the above analysis results, the main
conclusions were as follows:
(1) The thermal effect will affect the electromag‐
netic torque of the torque motor and the bending torque
of the spring tube by changing the structural parame‐
ters. In addition, the matching relationship of the struc‐
ture and the difference in the characteristics of the fluid
will affect the flow force acting on the flapper.
(2) Through the numerical simulation of each
stage, the expression of the fitting relationship between
input, output, and temperature was obtained. The influ‐
ence of temperature on the electromagnetic torque out‐
put by the torque motor is about 5%, and its changing
trend with temperature is relatively linear. The change
trend of the discharge coefficient is more complicated,
and the influence of temperature on the discharge
coefficient of the nozzle is about 2% at most. Temper‐
ature will not only change the fluid characteristics,
but also have a significant impact on the pressure dif‐
ference and structural coordination. In addition, the
difference of the above factors will also affect the flow
force, which will be reduced to about 60% of the nor‐
mal temperature.
(3) According to the working principle of the ser‐
vo valve, a mathematical model of the whole valve was
established. On this basis, the influence of the thermal
effect on the drift of the operating point was evaluated.
When the deviation angle reaches ±1°, within the range
of 40–50 ℃, the tangent slope of the displacement
deviation reaches 1.44×10−5 m/℃, and the tangent slope
of the pressure deviation within this range can reach
1.14×103 Pa/℃. An increase in temperature will grad‐
ually reduce the slope of the tangent. In the range of
110–120 ℃, the above values will be reduced to 1.25×
10−6 m/℃ and 110 Pa/℃, respectively. Therefore, we
conclude that the deviation angle of the armatureflapper is an important factor affecting the drift of the
operating point.
In conclusion, the mechanism of the working
point drift of servo valves under thermal effects is
related to the structural and fluid characteristics. The
deviation angle between components generated during
the process of machining or assembly will directly lead
to the working point drift. Moreover, the direction of
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the deviation angle will affect the drift direction of the
operating point and the output amplitude.
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