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Variable-throat adjustment is the most practical flow regulation method of solid ducted rocket ramjet (SDR). The high-fidelity
mathematical model of the interstage valve is the basis for realizing high-precision gas flow and thrust regulation. In this
paper, the complex effect of gas was divided into load and throat deformation effect. The load was mainly determined by the
clearance, friction torque, and pneumatic torque that the valve was subjected to during operation. And the throat deformation
was determined primarily by the deposition and ablation of the valve faced in the gas. Therefore, we could divide the valve
model into three parts: the servo motor model, the load characteristic model, and the deformation model of the actual acting
throat (referred to as the throat). Given, we have designed a cold-air experiment program, using cold air to equalize the valve
load. Furthermore, we analyzed its mechanism of action and established the load model using the experimental data and
neural network. Finally, the deformation mechanism of the throat was investigated, and simultaneously, the deformation
model was shown based on the flight test data. Compared with the traditional interstage valve model, the model established in
this paper is closer to the actual working conditions, which is helpful to carry out the more comprehensive and practical
ground simulation. It has essential reference value for further realizing the precise regulation of gas flow.

1. Introduction

The SDR’s gas flow regulation technology can realize the
adjustable thrust of the aircraft, which is very important to
recognize the wide envelope and large maneuvering flight
of the aircraft [1]. Variable-throat regulation is the most
practical way to regulate flow in SDR, that is, the flow is con-
trolled by changing the throat area. Specifically, the oscilla-
tion of the valve causes a change in the throat area,
resulting in different degrees of congestion and ultimately a
change in the GG’s (gas generator) pressure. The variation
of pressure will modify the burning rate of the propellant,
which in turn will cause the gas flow to the throat and the
ram combustor (RC) to change, and the secondary combus-
tion of the gas with the intake air will produce different
thrusts [2, 3]. Although the SDR system is simple in struc-
ture, its operating boundary is narrow. For example, exces-
sively high pressure in the RC may cause the air intake
unstart, or even the ramjet to stall [4–6]. The gas flow is

one of the main factors affecting the RC’s pressure, so the
high-precision response of the flow is a practical need in this
research field.

However, to achieve high-precision flow response, it is
necessary to establish a high-fidelity model of the valve,
which is the guarantee for designing effective control laws.
As shown in Figure 1, the traditional method only simplifies
the valve as a servo motor for modeling [7, 8], ignoring the
influence of load characteristics and throat deformation on
flow regulation, which will undoubtedly bring more chal-
lenges to the accurate regulation of flow. The modeling
approach proposed in this paper took the above factors into
account for the first time, so the mathematical model of the
valve was divided into three parts: the servo motor model,
the load model, and the deformation model of the throat.
Among them, the servo motor model was very common,
so it was only covered in part B of the Supplementary Mate-
rial (available here), while the other two parts were the
research focus of this paper.
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Mechanical clearance is one of the crucial factors affect-
ing load characteristics; clearances in mechanical joints are
unavoidable due to many uncertainties such as manufactur-
ing tolerances, assemblage, wear, and material deformation
[9]. The clearance between the mating parts leads to several
complex dynamic phenomena such as surface contact, shock
transmission, and the development of different regimes of
friction and wear [10]. Therefore, a mechanical many-body
system with clearance is a typical system with variable topol-
ogy, and its model is more complex [11]. Xiang et al. used
the Chebyshev polynomial method to analyze the dynamic
response of a mechanical system with clearance joints. In
this way, the approximate dynamic response range of the
mechanism could be obtained, but the specific value of
the clearance needs to be clarified [12]. For SDR systems,
the load characteristics of the servo motor were divided
into working load and system load, and the genetic algo-
rithm was used for parameter identification [13]. However,
it was not accurate to equate pneumatic load with the
mechanical load.

The throat deformation is mainly caused by ablation and
deposition, and the slag will be produced during the com-
bustion process of the propellant. The production and depo-
sition of slag are a very complex phenomenon, and it is
difficult to predict accurately in SDR [14]. The production

of slag in the gas generator (GG) will affect the established
law of valve throat changes, thereby causing ramjet pressure
disturbances and making the aircraft thrust unstable. Simi-
larly, ablation of the throat and mechanical elements could
also lead to performance degradation of SDR, affecting the
thrust level of the ramjet and the specific impulse delivered
[15]. Alanyalioglu pointed out that the real-time knowledge
of the nozzle throat diameter plays an essential role in the
analysis of the SDR after ignition, and the existing experi-
mental methods for measuring the physical size of the nozzle
throat diameter may not be suitable for every ramjet [16].
Li et al. proposed a nozzle throat ablation identification
technology based on the ground test data of a ramjet,
and the real-time change of the nozzle throat diameter
during the operation was obtained [17]. The results
showed that the change was small at the initial stage. With
the increase in the working time, the throat diameter
increased linearly, but this phenomenon is different from
other types of ramjets.

Due to the high cost of the ground test, many researchers
used cold-air experiments to evaluate the working condi-
tions under gas in view of the complex mechanism in the
working process. A closed-loop model reference adaptive
controller was designed for the cold-air experiment equip-
ment, but the device cannot truly reflect the gas changes in
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Figure 1: The composition and influencing factors of the valve mathematical model.
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the GG. For example, differences in gas parameters and free
volume changes [18]. The valve displacement was controlled
by changing the pressure in the valve head chamber, thereby
changing the throat area. And a servo mechanism composed
of a spring and guide rod was used to simulate the pressure
in the GG (the force on the valve head had a linear relation-
ship with the displacement) [19]. The device’s purpose was
to verify the control performance of the pneumatic servo
system, and springs with different stiffnesses could be used
to simulate the pressure in the GG. Liu achieved the purpose
of adjusting the throat area by controlling the reciprocating
motion of the cylinder [20]. The mathematical model of
the GG was run in an industrial computer and outputted
the pressure signal in real-time, which was equivalent to
the force of the servo system and simulated the load of the
actuator. The cold air was only used to drive the servo sys-
tem. The test devices in Reference [21, 22] were designed
to simulate the thrust of SDR, replacing the gas produced
by propellant combustion with high-pressure air. Then, the
relationship between the throat area and the thrust of the
nozzle was analyzed. The experimental results showed that
the measured pressure was consistent with the calculated
value, but the measured thrust and the calculated one were
inconsistent.

In summary, the interstage valve faces the tough influ-
ence of gas during the working process. More effective anal-
ysis methods are needed to evaluate the dynamic
characteristics of the valve under complex working condi-
tions. CFD can model the virtual flow field and perform fluid
dynamics simulation; however, CFD has been an insur-
mountable problem in simulating turbulent flows with high
accuracy. In view of the consistent properties exhibited by
the SDR system in several experiments, we abandoned the
use of CFD and proposed a hybrid modeling approach based
on mechanistic and data-driven. Since the slide-interstage
valve has the advantages of a simple structure and a large
adjustment ratio [23]. This paper mainly studied the load
characteristics and throat deformation characteristics of the
slide-interstage valve during the operation. The main contri-
butions are as follows:

(a) A cold-air experiment program was designed, and
the complex influence of the clearance, friction tor-
que, and pneumatic torque was simulated by the
cold air. Furthermore, the action mechanism of the
load on the valve was analyzed, and the load model
was established through the cold-air experiment
data.

(b) The deformation mechanism of the valve throat was
analyzed, and its deformation model was established
based on the flight test data. In addition, the influ-
ence of propellant parameters on the model was also
investigated.

The rest of this paper was organized as follows. In
Section 2, the operational characteristics of the valve were
introduced, and the significance of analyzing the load char-
acteristics was clarified again. In Section 3, the cold-air
experiment program was designed, and the deformation

mechanism of the valve was analyzed using the experi-
ment data. Moreover, the load model of the valve was
established by combining it with the neural network. The
flight test data was used to model the throat deformation,
and the propellant parameter perturbation was also con-
sidered in Section 4. And the conclusion and discussion
were given in Section 5.

2. Working Characteristics of the
Interstage Valve

During the working process of the SDR, the propellant is
burned to generate gas, and the angle command of the valve
is caused by the controller according to the gas flow required
by the system so that the purpose of controlling the gas flow
was achieved by adjusting the pressure in the GG. Since the
valve will face high temperature and pressure inside the GG,
it is usually difficult to directly measure the valve angle in
this harsh environment, so the motor output angle is gener-
ally used to approximate the valve angle (only the motor
angle is in the control loop). Although they are approxi-
mately equal under ideal conditions, the deviation between
them cannot be ignored in this system. The swing range of
the valve is 0-30 degrees, and the part of the throat was
“blocked” by the valve swing. Thereby, the actual throat area
is changed. The area enclosed by the solid red line represents
the effective throat area (after this, referred to as the throat
area) of the valve at different angles (as shown in
Figure 2), which decreases with the decrease of the valve
angle. A well-designed valve should have an approximately
linear relationship between the throat area and the valve
angle.

The basic principle of GG’s mathematical modeling is
the “law of conservation of mass”, which means that the
mass of gas generated by the combustion is equal to the mass
of the gas inside the GG, adding the mass of discharge from
the throat. In the paper, we follow the mathematical model
of the GG established in Reference [24]; the process is not
repeated, and the dynamic differential equation in the GG
can be expressed in the form of Equation (1). (see part A
in the Supplementary Material for scores analysis.)

dpg
dt

=
Rg · Tg

V
· ρb · Ab · a · pgn −

pg · At

Cr

� �
, ð1Þ

where Pg is the gas pressure in GG, Rg is the gas constant,
Tg is the gas temperature, and V represents the free volume,
which means the volume between the propellant end face
and the throat. ρb represents the propellant density, Ab rep-
resents the burning area of the propellant, a represents the
propellant combustion rate coefficient, n represents the pres-
sure index, and At represents the throat area. Cr represents
the characteristic velocity of the gas.

According to Equation (1), the nonlinear model of the
GG can be established, and the sensitivity coefficient (which
indicates the increase in pressure for each 1-degree decrease
when the valve is in different positions) of the system under
different valve angles could be calculated. It can be seen from
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Figure 3 that when the valve angle is equal to 5 degrees, the
most sensitivity coefficient is about 0.75MPa/deg. When the
valve angle is in the range of about 3 to 15 degrees, the sen-
sitivity coefficient will be greater than 0.2MPa/deg. The
working conditions of the valve will affect the deviation
between the valve angle and the command, which will affect
the adjustment accuracy of the gas flow. Although the pres-
sure control loop can correct the influence caused by valve
deviation after a long enough time, the dynamic process of
the pressure response needs to be strictly evaluated because
the SDR has many constraints. In a word, for the gas flow
regulation system that requires high control accuracy, it is
significant to study the operational characteristics of the
valve.

3. Load Characteristics of the Valve

Assuming that the valve is equally affected by clearance,
pneumatic torque, and frictional torque at the same pres-
sure. We can use the load under cold air to simulate ones
under gas. The advantages of the cold-air experiment are
the low cost, and the valve angle can be measured directly.
The modeling principle of the valve was shown in Figure 4;
firstly, based on the data measured in the cold-air experi-
ments, the relationship between the valve angle and the

motor angle under the load needs to be analyzed, and the
load model of the valve should be established. Next, the esti-

mated value of the valve angle (bθV ) could be obtained
through the flight test data and the load model of the valve.
Then, the estimated throat area (At

∗) could be obtained
through the mapping relationship between the valve angle
and the throat area. In addition, according to Equation (1),
the relationship between the pressure and the throat area
under dynamic equilibrium conditions could be obtained,
as shown in Equation (2), so the real throat area (At) could
be calculated. Its change process under the influence of abla-
tion and deposition could be approximated by comparing
At

∗ and At .

At =
KT∙η∙ρb · Ab · a · 1e−6

À Á
∙Cr

pg
1−nð Þ , ð2Þ

where KT and η are the propellant temperature correction
coefficient and the injection efficiency, respectively.

3.1. The Cold-Air Experiment Program. We specially devel-
oped a cold-air experiment equipment for this research
(the equipment was only used to simulate the load), as
shown in Figure 5. During the working process, the master
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Figure 2: Schematic diagram of valve angle and throat area.
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console passed a certain amount of cold air into the simu-
lated cavity of the GG (from now on, referred to as the
GG) by controlling the air source. It monitored the pressure
in real-time through the measurement data of the pressure
sensor. Under this condition, for the servo motor control
loop, the upper computer was used to send the planned
command to the controller through the simulation and test-
ing device, then the controller drove the motor and the valve
to rotate. An angle sensor was embedded in the motor,
which could feedback the motor angle to the controller. In
addition, since the high temperature in the GG can be
avoided under cold air conditions, we have installed an inde-
pendent encoder on the valve body to measure its absolute
angle of it. Since the valve was coaxial with the motor, under
ideal conditions (It could be considered that the pressure in
the GG was the standard atmospheric pressure), the valve

angle was equal to the motor angle, but they began to differ
after pressurization.

3.2. Cold-Air Experiments. In order to analyze the influence
of the clearance on the load characteristics, the valve would
be disassembled and installed several times in the experi-
ments. It would be in different clearance states through cor-
responding technical means (refers to the clearance between
the valve body and the transmission shaft). This instruction
started from 30 degrees and decreased by 1 degree every 3
seconds until to zero, then rose by 1 degree every 3 seconds
until 30 degrees. By injecting nitrogen gas into the GG, the
maximum pressure in the GG was about 3MPa, and the
results were shown in Figure 6. It could be seen that the
motor angle always maintained a good consistency with
the command, and the maximum deviation was about 0.2

X: 5
Y: 4.724

X: 15
Y: 1.195

0 5 10 15 20 25 30
0

2

4

6

8

The angle of valve (deg)

Pg
 (M

Pa
)

(a)

0 5 10 15 20 25 30
The angle of valve (deg)

X: 15
Y: 0.2166

X: 3
Y: 0.1687

0

0.2

0.4

0.6

0.8

S 
(M

Pa
/d

eg
)

(b)

Figure 3: Relationship among pressure, sensitivity coefficient, and valve angle. (a) The valve angle and pressure. (b) The valve angle and
sensitivity coefficient.

𝜃

𝜃

𝜃

𝜃

𝛢

𝜑

l

T

A

M

g’f(P
M

Pg

Pg
Pg

Te angle command ((i)

(ii)

(iii)

(iv)

(v)

c

t

𝛢t

K
T b

t

∗

V

V

V

)
cmd

cmd

cmd
𝜃Te angle command ((i)

(ii)

(iii)

(iv)

)cmd

𝜃Te angle of motor ( )
M

𝜃Te angle of motor ( )
M

𝜃Te angle of valve ( )v

TTe ambient temperature ( )c

TTe ambient temperature ( )c

Te pressure in simulated
)g

Te pressure in GG (P )g

Cold-air experimental data 

Te fight test data

Pneumatic load model for valves

Parameter perturbation of propellant

Pneumatic load
model for valves

Te clearance function

Sum

D
ea

l w
ith

 th
e 

m
ut

at
io

n

Te deformation
model of throat

A
bl

at
io

n

D
ep

os
iti

on

Troat area

)

𝜃
M’g (𝜃 c)

g
/𝜃/𝜃 M

/Tc

=
𝜂 𝜌

b
–6A rCa (1e )

(1–n)

1-D T (u)

𝜃
~

𝜃

𝜃P

cavity of GG (P

Figure 4: Fundamentals of building valve model.

5International Journal of Aerospace Engineering



degrees. However, the consistency between the valve angle
and the command was relatively poor. The most special
one was around 11 degrees, and the motor typically swung
about 1 degree following the command, but the valve only
swung about 0.27 degree. In the area larger than 11 degrees,
the valve angle was always smaller than the motor angle,
while in the area less than 11 degrees, it was gradually larger
than the motor angle. We could specify that the direction of
the motor from 0 degrees to 30 degrees was “positive”, and
the opposite direction was “negative”.

In order to fully demonstrate and study the load charac-
teristics of the valve, we carried out experiments with differ-
ent clearances and pressures under the same command. The
error between the command and the valve angle was shown
in Figure 7. It could be found that the mistake was main-
tained near 0 under atmospheric pressure, but it changed

considerably after pressurization, and the higher the pres-
sure, the greater the error. After the clearance was increased,
the error between the command and the valve angle reached
more than 1 degree. However, the load characteristics of the
valve did not change, and the error changed from a positive
value to a negative value within the specified area (about
-12~2 degrees). Figure 8 showed the actual pressure in the
GG under various conditions. It could be seen that under
cold-air conditions, the clearance had little effect on the
pressure, and the maximum deviation was only 0.186MPa,
which was different from the gas state. As shown in
Figure 9, taking the valve angle under the working condition
of “3MPa/large clearance” as an example, the pressure devi-
ation that could be caused in the open-loop state was the
product of the valve angle deviation (Figure 7) and the sen-
sitivity coefficient (Figure 3(b)). Figure 10 was a photo of the
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cold-air experiment site; during the experiment, the water
vapor in the air condensed into frost and adhered to the
outer wall of the GG.

Immediately afterward, we carried out the second exper-
iment. At this time, after the instruction was followed for
about 1 second, we began to inject nitrogen to increase the
internal pressure of the GG. In this way, we could see the rel-
ative change of the valve angle and the motor angle before
and after the pressurization. As shown in Figure 11, it could
be found that after the pressurization, there was a deviation
of about 0.68 degree between the valve angle and the motor
angle. The deviation value also showed a trend of “first
increase, then decrease, first positive, then negative”. In this
experiment, the angle error between the motor and the valve
changed from positive to negative at around 8 degrees. At
this position (dynamic equilibrium state), the resultant force
of the valve could be regarded as 0. We called the valve angle
at this time the “balance angle”. Then comparing Figure 6, it
could be seen that the “balance angle” of the valve was not
fixed, and it was related to the assembly process of the valve.
The pressurization ended after about 48.5 seconds, and the
deviation returned to a small value at this time, indicating
that the valve deforms elastically instead of plastically under
pneumatic load conditions.

Then, the two commands were triangular waves with
variable frequency, the command cycles were 2 seconds
and 12 seconds, respectively, and the slopes were 3
degrees/second and 0.5 degrees/second, respectively.
Figure 12(a) reflected the valve response between 18
degrees and 15 degrees (in the area above the “balance
angle”), the valve angle was always smaller than the motor
angle, the pressurization ends in about 32 seconds, and
then the deviation between the two curves gradually
returned to a smaller value. However, Figure 12(b) reflected
the valve response between 8 degrees and 5 degrees (in the
area below the “balance angle”) when the direction of the
motor was changed, the angle deviation changed from neg-
ative to positive, which was an uncertainty error for flow
regulation, and this load characteristic had a significant
influence on gas flow regulation.
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3.3. The Load Action Mechanism and the Load Model of the
Valve. As mentioned above, the valve deformed elastically
under pneumatic load. As shown in Figure 13, the encoder
was installed on the valve connecting the shaft, and its mea-
surement value could reflect the torsional deformation of the
shaft. The torsional deformation of the shaft was calculated
as shown in Equation (3), Equation (4) was the calculation
method of shear modulus, and for the solid circular section,
Equation (5) holds.

φ = T∙L
G∙IP

, ð3Þ

G = E
2∙ 1 + μð Þ , ð4Þ

IP =
π∙D4

32 , ð5Þ

where the G is the shear modulus, the IP is the polar
moment of inertia (the G∙IP is often referred to as torsional
stiffness), the D is the diameter of the circular shaft section,
the T is the torque received by the shaft, and the L is the
length of the shaft. The E is the elastic modulus, and the μ
is Poisson’s ratio.
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Based on the measurement results, the deformation of
the shaft could also be expressed in the form of Equation
(6), which means that both deformation and clearance fac-
tors are implicit in the measurement (θV ). The torsional
deformation of the valve is mainly caused by the lateral
force, so the torque on the valve could be expressed by Equa-
tion (7), which means that the lateral force on the valve is
mainly affected by the pressure and the valve angle.

φ = θM − θV − g θc, θMð Þ½ � ∗ π

180 , ð6Þ

Among them, θV is the valve angle (equivalent to θ in
Equation (2)), θM is the motor angle, θc is an unknown but
determined clearance value, and gðθc, θMÞ is defined as the
clearance function.

T = Fc∙LV = f Pg, θM
À Á

∙LV , ð7Þ

where Fc is the total lateral force on the valve, LV is the
length of the slide-interstage valve, and f ðPg, θMÞ is defined
as the pressure function.

In the small clearance state, gðθc, θMÞ ≈ 0, if θV and θM
are known, f ðPg, θMÞ at each position in the current state
can be obtained. We believe that f ðPg, θMÞ under the same
pressure is approximately the same, so the gðθc, θMÞ of the
same pressure but large clearance state can be calculated
according to Equation (8). Figure 14 reflected the value of
gðθc, θMÞ at different angles.

g θc, θMð Þ = θM2 − θV2ð Þ − θM1 − θV1ð Þ ≈ θV1 − θV2, ð8Þ

Among them, subscript 2 represents the measurement
value in the state of large clearance, and subscript 1 repre-
sents the measurement value in the form of small clearance.
Since the size of the clearance does not affect the output
angle of the motor, θM2 ≈ θM1.

In different states, the lateral force on the valve was
shown in Figure 15. Due to the complex force mechanism
of the valve in the pressurized state, this paper chose to use
a neural network to approximate f ðPg, θMÞ to obtain the
value under different pressures. The network input was pres-
sure and angle command (including direction information),
and the output was the lateral force on the valve, namely f

ðPg, θMÞ. The Bayesian regularization algorithm provided
in MATLAB was used for training, and different hidden
layers were selected for additional training effects. Take the
experimental condition with the maximum value of 2MPa
as an example, if Equation (9) was used to evaluate the sim-
ilarity of the two sets of data, Figure 16(a) showed that the
fitting effect was the best when the number of hidden layers
was 35, and the F value was 59.5. Figure 16(b) was the intu-
itive result of its fitting effect.

F =
ðt
0
M1 tð Þ −M2 tð Þj j∙dt, ð9Þ

where M1 and M2 represent different data, respectively, and
t represents the time.

Finally, we could obtain the theoretical value of the valve
angle according to the experiment’s results, as shown in
Equation (10), where the elastic modulus E is related to the
temperature, so it is represented by EðTcÞ. (In the experi-
ment, the θM was the measured data, while in the simulation,
it was obtained from the mathematical model of the motor,
see part B in the Supplementary Material for the motor’s
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Reducer

Servo motorOutput shaf of the motor

𝜑

Figure 13: Deformation of the valve connecting shaft.
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Figure 15: Lateral force on the valve.

9International Journal of Aerospace Engineering



mathematical model.)

eθV = θM −
2∙f Pg, θM

À Á
∙LV∙L∙ 1 + μð Þ

E Tcð Þ∙IP
∗
180
π

− g θc, θMð Þ,

ð10Þ

where eθV is the theoretical value of the valve angle, and the
Tc is the temperature of the shaft.

However, calculating the hypothetical value of the valve
according to Equation (10) would face a problem, that, when
the valve changes its motion direction in the area below the
“balance angle”, its theoretical value will change abruptly
due to the change in the action direction of the force, but this
does not satisfy the laws of physics (refer to Figure 12(b)).
Therefore, this paper used Equation (11) to Equation (13)
to deal with this mutation. A constant value was maintained
for some time when the valve changed the direction of
movement, which was equivalent to the effect of the adaptive
width “dead zone”.

IA tð Þ = eθV tð Þ
IA tð Þ = IB t − 1ð Þ

(
,
eθV tð Þ > IB t − 1ð Þ& dθcmd

dt
> 0,

eθV tð Þ ≤ IB t − 1ð Þ& dθcmd
dt

> 0,
ð11Þ

IB tð Þ = IA t − 1ð Þ
IB tð Þ = eθV tð Þ

,
( eθV tð Þ > IA t − 1ð Þ& dθcmd

dt
≤ 0,

eθV tð Þ ≤ IA t − 1ð Þ& dθcmd
dt

≤ 0,
ð12Þ

bθV tð Þ = IA tð ÞbθV tð Þ = IB tð Þ

8<: ,

dθcmd
dt

> 0,

dθcmd
dt

≤ 0,
ð13Þ

where eθV represents the estimated value of the valve angle,
and θcmd is the angle command.

3.4. Validation of the Load Model. The load model was
established based on the data from the first cold-air experi-
ment. The prediction of the second experiment results using
the load model was reflected in Figure 17, which reflected
the comparison between the estimated valve angle and the
actual measured value; Figure 17(a) showed that the valve
changed the direction of movement in the area bigger than
the “balance angle”, and Figure 17(b) showed that the valve
altered the direction of motion in the space smaller than the
“balance angle”. Although the “balance angle” in the two
experiments was inconsistent, they were relatively close
and had the same characteristics. The results showed that
the method could accurately predict the dynamic response
of the valve under pneumatic load.

The elastic modulus of almost all metals and alloys is
temperature dependent, normally, the elastic modulus of
the metal decreases with the increase of temperature
[25, 26], which means that under the same external force,
the higher the temperature, the greater the deformation
of the metal. Especially for valves that work under high
temperature and pressure conditions, the temperature fac-
tor cannot be ignored. For the connecting shaft in this
paper, its elastic modulus is about 200GPa at 25°C, and
its elastic modulus is about 150GPa at 900°C. Therefore,
the relationship between the elastic modulus and temper-
ature was approximately expressed in Equation (14).
According to the temperature rise history of a point in
the conductor described in Reference [27], we used the
first-order inertia link to simulate the temperature rise
process of the connecting shaft according to its final tem-
perature (about 500°C) and the action time. The time
constant was set to 50, as shown in Equation (15), which
will be helpful in modeling throat deformation in the
next chapter.

E Tcð Þ ≈ −0:057∙Tc + 201:43, ð14Þ

Tc sð Þ =
1

50∙s + 1 :
ð15Þ
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Figure 16: Fitting of lateral force by a neural network. (a) The relationship between F value and hidden layer. (b) Fitting effect of 35 hidden
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As shown in Figure 18, taking a flight test partici-
pated by our research group as an example, on the one
hand, the change of the actual throat area could be esti-
mated according to the real-time measured pressure in
the GG, which was represented by At . On the other
hand, according to the load model, the change of the
throat area under pneumatic load could be estimated,
which was represented by At

∗. To illustrate the effective-
ness of the valve load model, we added a control group,
which evaluated the throat area according to the motor
angle measured in the test, denoted by At ′ (traditional
method, equivalent to no deformation of the connecting
shaft). It could be seen that At

∗ was closer to At than
At ′ (F values are 0.001145 and 0.003128, respectively);
this could also illustrate the validity of the load model.

4. Throat Deformation Model

4.1. The Mechanism Analysis and Modeling Process. As men-
tioned above, the change of throat area during flight could
be roughly estimated by the measurement pressure and
combined with the load model of the valve, and the transfor-
mation of the throat area under the influence of ablation and
deposition could be deduced. During the cruise segment of
the aircraft, to save fuel and ensure the voyage, the swing

range of the valve is usually tiny. The valve is usually opened
at a large degree to maintain a small flow (in this flight test,
the valve angle was basically kept above 18 degrees when the
cruise section). Since the cruise segment lasts long, it is the
main period for throat ablation and deposition. Therefore,
we focused on analyzing the deformation of the throat area
during the cruise segment (as shown in Figure 19),and estab-
lished its model. After deposition, the effective throat area
can be approximately calculated according to Equation
(16) (if ablation occurs, l is a negative value).

At =
360 − γ bθV

� �
360 ∙π∙ R − l tð Þ½ �2

+ 2∙ R − l tð Þ½ �∙sin
γ bθV

� �
2 ∙cos

γ bθV

� �
2 ,

ð16Þ

where R is the throat radius, and l is the variation of the
throat radius

In the initial state, deposition or ablation does not occur,
that, when lðtÞ = 0, according to Equation (16), the approx-
imate value of γ in the range of 18~27 degrees can be
obtained based on the least square method (in the initial
state, At was known). As shown in Figure 20, the relational
expression of γ can be obtained by polynomial fitting, and
the result was shown in Equation (17).

bγ bθV� �
= −15:17∙bθV + 419:4, ð17Þ

When lðtÞ ≠ 0, At can be obtained from Equation (2),
and into Equation (16), and the expression of l can be found
by bringing At into Equation (16), Equation (18) is the ana-
lytical expression of lðtÞ when At was known. Since our pur-
pose is to establish an estimation model of At , we also need
to fit lðtÞ here. Assuming that l is only related to t when the
valve swing range is not extensive, we could use a cubic poly-
nomial to fit lðtÞ, and the result was shown in Figure 21. The
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Figure 17: Valve estimates vs. actual measurements under cold-air experiment. (a) The response between 15–18 degrees. (b) The response
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fitting expression is Equation (19).

l tð Þ = R −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bd

2 + 4∙Ad∙At
∗ tð Þ

p
− Bd

2∙Ad
, ð18Þ

where Ad = 360 − γðθÞ/360∙π, and Bd = 2∙sin γðθÞ/2∙cos γ
ðθÞ/2:

l̂ tð Þ = a1∙t
3 + a2∙t

2 + a3∙t + a4, ð19Þ

where a1 = 6:354∙10−7, a2 = −2:197∙10−4, a3 = 2:766∙10−2,
and a4 = −0:4642.

For the convenience of calculation, we can perform Tay-
lor expansion on the trigonometric terms in Equation (16),
and only keep the first three terms. Finally, we could obtain
the estimated value of the throat area as shown in Equation

(20), where bθV could be calculated by Equation (10)–(13).

cAt =
360 − bγ bθV

� �
360 ∙π∙ R − l̂ tð Þ

h i2
+ 2∙ R − l̂ tð Þ

h i
∙MS∙MC ,

ð20Þ

where

sin
γ bθV

� �
2 ≈MS = xS −

xS
3

3! + xS
5

5! ,

cos
γ bθV

� �
2 ≈MC = 1 − xS

2

2! + xS
4

4! ,

xS =
γ bθV

� �
2 ∙

π

360 :

8>>>>>>>>>><>>>>>>>>>>:
ð21Þ

It could be seen from Figure 22 that cAt was closest to At ,
while At

∗ was the second closest, and At ′ was the most dif-
ferent from At , which showed the validity of the throat
deformation model developed in this section (F values were
given centrally in Table 1). In addition, since lðtÞ was always
greater than 0 in the cruising segment (enter the cruise sec-
tion at about 30 seconds), this indicated that the deposition
was the main effect during this period. In summary, if the
valve satisfies the two conditions that the angle is greater
than 18 degrees, and the swing range is small, the valve
model established in this paper is very effective. As shown
in Figure 23, we could use the established model (the load
model and the throat deformation model) to make an accu-
rate prediction of the throat area in a specific ground test
(the swing range of the valve was about 19~23 degrees).

4.2. Influence of Propellant Parameter Perturbation on
Throat Identification. The above analysis was done without
considering the perturbation of propellant parameters.
However, solid propellants have many components and
complex reactions. They do not all meet the “ideal condi-
tions” during the working process, and many parameters
will be perturbed. For example, it was pointed out in Refer-
ence [28] that due to the explosion of the ignition charge, the
end face of the propellant grain has pits, and then burns con-
tinuously in the form of pits, which indicates that the actual
burning area may be larger than the designed burning area.
In addition, it was also pointed out that because the manu-
facturers mainly used noninsulated gas generators in the test
process for the Cr , the heat loss was relatively significant;
Hence, the nominal value of the measured Cr was lower than
the actual value. When the pressure index ðnÞ is constant,
the logarithm of the burning rate ðrÞ and the logarithm of
the pressure ðPgÞ are approximately linear [29, 30]. How-
ever, the n is not an absolute constant in the existing system.
Especially with a higher-pressure range in GG, the n is more
significantly affected by Pg. From Equation (2), it could be
seen that the influence of other parameters on the evaluation
of At is equivalent except for the n, and they are all
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Figure 19: Deformation in throat area when ablation or deposition
occurs.
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proportional to At . Therefore, we would focus on analyzing
the influence of Cr and n on the accuracy of At ’s
identification.

For a positive n propellant, n ∈ ð0, 1Þ, so according to
Equation (2), when Pg > 1MPa, the smaller the n, the
smaller the At . When Pg < 1MPa, the smaller the n, the
larger the At . Assuming the Cr and n were perturbed accord-
ing to Equation (22) and Equation (23), respectively, relative

to the nominal value, as shown in Figure 24, the maximum
perturbation of the Cr was about +20%, and the maximum
perturbation of the n was about -25%. The simulation results
were shown in Figure 25. Compared with n, the Cr could
cause a wider range of changes in the identification. Finally,
the F values describing the closeness of At and At

∗ in each
case were counted in Table 1.

Cr
∗ = g tð Þ∙Cr ,
€g tð Þ = k1,

g 0ð Þ = 1, _g 0ð Þ = 0,

8>><>>: ð22Þ

n∗ = h tð Þ∙n,
_h tð Þ = k2,

h 0ð Þ = 1,

8>><>>: ð23Þ

where k1 = 6∙ð1e−6Þ, k2 = −ð1e−3Þ.
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Table 1: The F values in each case.

Period (s) Object of comparison F values

0~ 50 At
∗ & At 0.0011
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Figure 23: Prediction of throat area in ground tests using the
throat deformation model.
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5. Conclusion

A high-fidelity valve model is essential to achieve high-
precision regulation of gas flow. In this paper, the load
and deformation problems were faced squarely for the first
time, and a complete valve model was established by com-
bining the experimental data and analyzing its action
mechanism. The following conclusions were finally
obtained:

(a) In this paper, a cold-air experiment scheme was
designed, in which the cold air was used to simu-
late the loading effect of gas on the valve, and fur-
ther the neural network was used to fit the force of
the valve during the operation. Based on this, the
deformation angle of the connecting shaft could
be obtained, and the load model of the valve was
finally established. At the same time, we also illus-
trated the accuracy of the load model using exper-
imental data.

(b) Based on the flight test data, we used a polyno-
mial fitting method to establish the relationship
between the deposition thickness and time, based
on which the deformation of the throat area at
the same angle could be obtained, and finally
the deformation model could be established.
Through the experimental data, the accuracy of
the model was illustrated. But it was influenced
by the propellant parameters, which was limita-
tion of the model.

(c) In the traditional method, the valve angle was sim-
ply approximated by the output angle of the servo
motor. However, for the first time, we have estab-
lished the load model and the throat deformation
model, which, together with the servo motor
model, constitute a complete valve model, which
will help to carry out more effective ground
simulation.

Nomenclature

θc: Mechanical clearance
θV : The angle of the valve
θM : The angle of the motor
θcmd : The angle commandbθV : The predicted value of the valve angleeθV : The theoretical value of the valve angle

Pg: The gas pressure in GG
Rg: The gas constant
Tg: The gas temperature
V : The free volume
ρb: The propellant density
Ab: Burning area of the propellant
a: The propellant combustion rate coefficient
n: The pressure index
Cr : The characteristic velocity of the gas
At : The actual throat area
At

∗: The throat area under load conditions
F: Fitting accuracy
Cr

∗: The characteristic velocity in Disturbed Conditions
n∗: The pressure index in disturbed conditions
KT : The propellant temperature correction factor
η: Injection efficiency correction factor
φ: Deformation angle of the connecting shaft
G: Shear modulus of the connecting shaft
IP : Polar moment of inertia
D: Diameter of the connecting shaft
T : Torque on the connecting shaft
L: Length of the connecting shaft
E: Elastic modulus of the connecting shaft
μ: Poisson’s ratio
LV : Length of the slide valve
Fc: The resultant force in the lateral plane
Tc: The temperature of the connecting shaft
At ′: The throat area under ideal conditions.
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Supplementary Materials

The detailed derivation process of Equation (1) was supple-
mented in part A, and the mathematical model of the servo
motor and the calculation method of θM were provided in
part B. (Supplementary Materials)
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