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Abstract: A high-precision variable-thrust control method based on real-time measurement of pintle
displacement and closed-loop feedback control is proposed to solve the technical problems of deep
throttling variable-thrust regulation and control of pintle liquid rocket engines (LRE). By optimizing
the system structure and control parameters, the closed-loop control of displacement with high
precision and a fast response under a wide range of variable thrust can be realized, and thus the
large-range, fast-response, and high-precision control of the chamber pressure, equivalent to thrust,
can be indirectly realized. The chamber pressure response time is not more than 0.3 s, the overshoot is
not more than ±3%, and the pulsation amplitude is not more than ±5%, which can meet the technical
requirements of the large-range thrust adjustment and control of variable-thrust LRE of reusable
launch rockets. The proposed variable-thrust LRE thrust control system is simple, reliable, and easy
to use and maintain, which solves the problem of the large range, high precision, and fast response
of thrust adjustment and control. The proposed system can provide important technical support
for carrier rocket recycling and launch cost reduction. This is the first time a closed-loop control
method of displacement of an integrated gas generator/flow regulator to achieve a 5:1 large-range
continuous-variable-thrust control for the LRE of a reusable launch rocket has been proposed.

Keywords: reusable launch rocket; variable-thrust liquid rocket engine; integrated flow regulator/gas
generator; thrust control; displacement closed-loop control

1. Introduction

Variable-thrust liquid rocket engine (LRE) technology is an important field of liquid
rocket propulsion technology [1]. LREs with thrust control capability show great techni-
cal superiority in space transportation and space maneuvering flights [2–4]. In addition,
variable-thrust LREs are currently the only devices available for soft landing and maneuver-
ing flights on the surface of airless bodies [5]. For example, after the success of the Apollo
spacecraft, which relied on the Lunar Module Descent Engine (LMDE), the United States
became the first country to achieve a manned lunar landing [6–8]. Chang’e 3 successfully
achieved midcourse correction, lunar braking, powered descending, and hovering during
the soft landing on the Moon using a 7500 N variable-thrust engine [9,10]. As a rocket
engine is a high-density energy-release device, many technical problems with regard to
optimization design and thrust control need to be solved, because those problems of a
variable-thrust LRE are quite different from those of a fixed- thrust LRE.

The injector design is very important in the design of a variable-thrust LRE. Because
of its unique geometric and injection characteristics, a pintle injector could produce high
combustion efficiency under each variable-thrust condition, and has the characteristics of
strong adjustment ability for wide-range thrust varying application occasions, lower cost
compared to a complex external adjustment mechanism, and a high reliability because of
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the single moving pintle. Therefore, the international research on variable-thrust LRE is
mainly focused on the use of pintle injector LREs [11–23]. Many methods for the variable-
thrust control of liquid rocket motors have been proposed in the literature, but most of them
remain at the theoretical level. To this point, controlling the injector area and propellant
mass flow rate in the supply system remains the main method of achieving the thrust
regulation of LRE [24,25], with many different approaches, including the monotone method,
double adjustment, traffic location systems, the adjustable area of a cavitating Venturi
tube combined with a fixed-section injection device, and a throttling valve regulating
the dual supply of a turbine pump flow. The most famous variable-thrust LRE is the
MIRA-10K, MIRA-10500 series engine developed in the 1960s for the Apollo Lunar Module
soft landing [3]. MIRA-10K series engines adopt a mechanical connection scheme of
dual variable cross-section injectors and variable cross-section Venturi tube flow control
valves [26,27]. When thrust adjustment is needed, the plunger in the throttle valve and
the connected injector pintle are moved by an electric action mechanism so that the flow
area of the throttle valve changes. The movement of the pintle changes the injection area
of the oxidizer and fuel, thus achieving a wide range of thrust regulation of 10:1. The
structure and mechanical connection scheme of Venturi tube flow control valves [6,28,29]
of MIRA-10K series LREs is shown in Figure 1.
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One of Falcon 9’s rocket stages is powered by nine Merlin-1D variable-thrust liquid
oxygen/kerosene engines. The key to Falcon 9’s reusable capability is its use of the same
pinch-and-pintle injectors found in the Apollo descent engines, which allow for thrust
adjustment ranging from 100% to 39% [30]. Giuliano et al. [31,32] carried out research work
on the Lunar Module’s large variable-ratio engine. In the engine pipeline, the bypass valve
was used to adjust the flow to achieve thrust regulation, and the thrust control valve and
turbine bypass valve were used to adjust the flow into the turbine to change the thrust. The
11.4:1 large variable-ratio thrust regulation test was successfully achieved.

Variable-thrust LRE technology is one of the key technologies needed to realize
reusable launch rockets. For landing a rocket, the first stage the rocket needs to start
the LRE again during the landing phase, and a much lower thrust backward toward the
center of the earth is acting on the rocket so that the rocket can slowly descend and land
on the landing platform at zero altitude and zero speed. This technology develops the
traditional single-use rocket into a reusable multi-use rocket, making an important technical
contribution to the substantial reduction in the specific launch cost [31,33–39]. This technol-
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ogy has also provided the motivation for scholars to carry out continuous research work in
the field of LRE deep throttling variable-thrust technology for a long time. For example,
Zhou [40] presented the components, working principle, and adjustment process of a vari-
able injector cross-section bivariate thrust LRE controlled by a solenoid valve. According to
the requirements of the control system, the structural parameters of the engine’s adjustable
Venturi tube-injector system were selected and designed, and the dynamic and steady
performance of the engine control system was presented. Zhang et al. [41] analyzed the
response characteristics of a variable-thrust LRE with an adjustable injector and adjustable
Venturi tube. The main factors affecting the dynamic performance of the variable-thrust
LRE were discussed, and the theoretical analysis and experimental study of the pulse width
sampling digital control system of the variable-thrust LRE were carried out. The key factors
affecting the dynamic and static response and the difference between them and the general
proportional feedback control were also pointed out. Cui, Liang et al. [42–45] have carried
out a lot of constructive research in the field of LRE control, which can provide a reference
for our research. A high-order sliding mode control method of an LRE with a variable
thrust was published in [46], and ref. [47] studied the dynamic response characteristics of a
dual-channel injector variable-thrust LRE. These studies have laid an important foundation
for the research of variable-thrust control methods and technology [48–51].

As mentioned above, one of the most important technologies to realize the recovery
landing of rockets is variable-thrust LRE technology, and the realization of the variable
thrust of engines requires a wide-range, synchronous pintle propellant injecting and flow
regulation [6,28,29]. Under this background, this paper proposes and verifies a thrust
control scheme based on the displacement closed-loop control of a structurally integrated
gas generator/flow regulator, in order to provide wide-range, high-precision thrust control
in the rocket recovery stage and ensure a smooth and safe landing of the rocket. In fact,
up to now, there is no precedent worldwide for researchers to propose a closed-loop
control method of displacement of an integrated gas generator/flow regulator to achieve a
5:1 large-range continuous-thrust control for LRE by controlling pintle position or chamber
pressure because the thrust, mass flow rate, pintle displacement and chamber pressure are
a one-to-one monotonic relationship. Thus, this article is an innovation in the field.

2. Working Principle and Model of Variable-Thrust Control System for Liquid
Rocket Engine
2.1. Composition and Working Principle of Thrust Adjustment System

Before starting the discussion of the control system in this paper, it needs to be clear
that this paper is carried out under the framework of an 80-ton variable-thrust rocket
engine. The control system in this paper is one part of the 80-ton complex LRE system.

The composition and working principle of the variable-thrust control system of a
bipropellant pintle LRE are shown in Figure 2. The system is mainly composed of an
integrated flow regulator/gas generator (IFRGG), an engine controller, a Linear Variable
Differential Transformer (LVDT) displacement sensor xpin, four pressure sensors, Pif, Pio,
Pc, Pgg, an electric area-adjustable orifice, a control solenoid valve, a oxidizer value, a
fuel value, a PWM (Pulse Width Modulation), a high-speed solenoid valve, and a cable
family. In particular, the IFRGG is mainly composed of a sleeve, pintle, plug (with several
grooves, commonly it is 3~12), and body. In the IFRGG, the pintle is the only movable
component which will move left or right in a straight line under both the force action of
control fluid Pc and combustion gas Pgg. The left half of the integrated device is a complex
dual-propellant synchronous flow regulator, and the right side is a gas generator body; the
two liquid propellants will organize combustion and produce high-temperature gas here.
Pgg is a sensor for measuring combustion pressure. Therefore, this is an integration of a
flow regulator and a gas generator. The requirements for the control system are: (1) the
adjustment of the two propellants must be synchronous; (2) minimal sensor measurement
error; (3) a rapid response time, generally less than 0.3 s; and (4) no large overshoot of the
controlled variable (generally less than ±3%).
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Figure 2. Working principle of the variable-thrust LRE IFRGG.

The oxidizer enters via the center of the IFRGG and is sprayed radially into the body
chamber from the groove of the pintle, while the fuel enters from the outside axially into
the body chamber along the outer ring seam of the pintle. By moving the pintle axially, the
relative position of the two flow channel of oxidizer and fuel propellants is changed, thus
changing the minimum flow area of the two propellants as well as the mass flow rate. A
line displacement sensor is installed on the pintle to sense the position of the pintle in real
time. The movement of the pintle is realized by changing the control pressure of the control
chamber, and the change in the control pressure is realized by controlling the PWM valve
control duty ratio.

As the working efficiency of the thrust chamber, pump, turbine, generator and other
components is different under different thrust conditions, and the flow resistance of the
liquid flow component is square with the mass flow rate, so the engine thrust cannot be
proportional to the displacement of the pintle.

However, generally speaking, the engine thrust and the pintle displacement is a one-
to-one monotone correspondence relationship. Therefore, the logic of this paper is as
follows: firstly, by carrying out a cold-flow regulation characteristic experiment, the real
corresponding relationship between displacement and thrust can be obtained, which is
called a thrust regulation characteristics. Then, in a real flight experiment, as the thrust is
not measurable, the thrust-displacement characteristic is used to set the pintle displacement
command, and the displacement is measured and closed-loop controlled to achieve a thrust
closed-loop control.

As a pintle displacement can be measured accurately and feed-back closed-loop
controlled, which avoids the challenge of direct measurement of the combustion pressure,
this makes the LRE control system much simpler.
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2.2. Dynamic Model of Thrust Adjustment System

As shown in Equation (1), ε is defined as the working condition factor of the variable-
thrust LRE. It represents the ratio of the current sea-level thrust F of variable-thrust LRE to
the rated sea-level thrust Fg.

ε =
F
Fg

, 0.2 ≤ ε ≤ 1.2 (1)

According to the thrust of the variable-thrust LRE under different working conditions,
the chamber pressure Pgg(ε) and mass flow rate qmg(ε) of the IFRGG can be determined.
km is oxidizer to the fuel mass ratio of the IFRGG, whose design value is generally at a
rich-fuel state of 0.3~0.5 to generate a 1250 K-temperature gas. According to the oxidizer to
fuel mass ratio km, the oxidant and fuel flow target design values under different working
conditions can be determined, as shown in Equations (2) and (3).

qm f (ε) =
1

1 + km
qmg(ε) (2)

qmo(ε) = qmg(ε)− qm f (ε) (3)

where qmg is the total mass flow rate of the IFRGG, qm f is the fuel flow of the IFRGG, and
qmo is the oxidizer mass flow of the IFRGG.

The oxidizer to fuel mass ratio km here refers to IFRGG, not the thrust chamber, nor
LRE. This km is a design value and a target value which we hope will remain unchanged
during a variable thrust operation. Thus, it is assumed that km is independent of ε in
the determination of chamber pressure and mass flow rate. This is why an integrated
synchronous regulation of the two propellants is proposed, designed, and a control system
based on this is conducted. In the actual variable thrust working process, due to a different
combustion efficiency, control error, etc., the gas properties will vary and thereby the
specific impulse of the LRE cannot remain at a designed high value.

The oxidant flow resistance ∆Po and fuel flow resistance ∆Pf that meet the atomization
requirements of the whole range of variable-thrust conditions are selected, and the flow ar-
eas IFRGG required can be calculated as Ao(ε) and A f (ε), as shown in Equations (4) and (5).

qmo(ε) = µo Ao(ε)
√

2ρo∆Po(ε) (4)

qm f (ε) = µ f A f (ε)
√

2ρ f ∆Pf (ε) (5)

where Ao(ε) is the oxidizer path flow area of the IFRGG, A f (ε) is the fuel flow area of the
IFRGG, ρo is the mass density of the liquid state oxidizer, and ρ f is the mass density of liquid
state fuel, and a minor effect of change in pressure on them is assumed to be neglected.

It should always be noted that IFRGG is a dual-channel variable-area structure. The
flow area of the oxidant channel and the fuel channel keep changing under different
variable thrust conditions; however, these changes can always keep a one-to-one correspon-
dence and synchronous matching so as to ensure a correct flow rate and O/F ratio. The
oxidizer pressure drop and fuel pressure drop are expected to be designed to be constant
or approximately constant, but this is difficult to realize. However, this pressure drop
varying is not equal to the pressure drop flow square relationship under the fixed structure
flow area.

In the design stage of the IFRGG, the flow area and pressure drop of the oxidant
channel and fuel channel under each variable-thrust condition are accurately designed and
must be one-to-one corresponding, which is ensured by high-precision manufacturing and
assembling. After IFRGG manufacturing is finished, the flow and pressure drop will be
confirmed through a liquid flow experiment. These flow rates and pressure drops must be
tested to confirm that they are matched and not lower than the threshold value of unstable
combustion. If the experiment results show that the flow and pressure do not meet the
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design requirements, it will be ensured by correcting the flow area of the oxidant channel
and the fuel channel.

It is easy to see that, with the change in LRE working conditions, the IFRGG flow
area also changes. As shown in Equations (6) and (7), the flow area of the regulator is
a monotone function of the pintle displacement, and two flow areas are simultaneously
determined by the same displacement xpin(ε).

Ao(ε) = f unAo (xpin(ε)) (6)

A f (ε) = f unA f (xpin(ε)) (7)

The formulas for calculating the post-valve pressure of the oxidant and fuel in variable
working conditions are shown in Equations (8) and (9).

Pi f (ε) = Pgg(ε) + ∆Pf (ε) (8)

Pio(ε) = Pgg(ε) + ∆Po(ε) (9)

During the movement of the pintle, the load force exerted by the pressure of the
oxidizer chamber and gas pressure on the lower chamber of the pintle balances with the
pressure of the control chamber, as shown in Equation (10).

Fc = Pio Aio + Pgg Agg + σ f (10)

where Fc is the control chamber force; Aio is the normal equivalent area of oxidant acting
on the pintle, and Agg is the normal equivalent area of gas acting on the pintle; f is the

kinetic friction force, and σ =

{
1, i f xpin < 0
−1, i f xpin > 0

.

The direction of kinetic friction force depends on the x direction of motion. There is
some difference between static friction and kinetic friction. However, only kinetic friction
is considered here.

The movement of the pintle of the integrated regulator/gas generator is realized by
PWM control of the solenoid valve. Every time the PWM valve sends a pulse, the control
chamber enters a certain volume of liquid fuel, and the pintle correspondingly moves a
certain distance and finally reaches the balance state. The matching pressure of the control
chamber is shown in Equation (11), where Ac is the piston area of the control chamber.

Pc =
Fc

Ac
(11)

The differential pressures of the PWM valve and electric area-adjustable orifice are
shown in Equations (12) and (13), respectively.

∆PPWM = Pic − Pc (12)

∆POR = Pc − Pec (13)

From flow continuity, the flow through the PWM valve and the electric area-adjustable
orifice is equal when working, as shown in Equation (14).

µOR AOR

√
2ρ f ∆POR = µPWM APWMτPWM

√
2ρ f ∆PPWM (14)

where µOR is the discharge factor of the electric area-adjustable orifice, µPWM is the dis-
charge factor of the PWM valve, and τPWM is the PWM valve control duty ratio.
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Accordingly, the corresponding steady-state relationship between the PWM valve
control duty ratio and control chamber pressure can be obtained, as shown in Equation (15).

τPWM =

√
Pc − Pec

Pic − Pc

µOR
µPWM

AOR
APWM

, 0 ≤ τPWM ≤ 1.0 (15)

It is easy to see that under the determined flow resistance coefficient, the PWM
valve control duty ratio is a function of the engine working condition factor electric area-
adjustable orifice and the control chamber inlet pressure, as shown in Figure 3.
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We have set two pressure values of 6.8 MPa and 4.5 MPa as the inlet pressure of the
control chamber in the experiment. This is because our goal is to reduce this pressure value
as low as possible so as to reduce the energy consumption and unnecessary extra weight
during flight. Therefore, it is necessary during the ground experiment stage to select a
proper inlet pressure which is as low as possible but must meet the control force at the
same time.

The area of the electric area-adjustable orifice and the inlet pressure of the control
chamber can be optimized according to the force balance. After completing the propellant
flow channel area and the structure design of the IFRGG and carrying out mass flow rate
and flow resistance setting tests, its steady-state flow regulation characteristics can be
obtained, as shown in Equations (16) and (17). In the theoretical design stage, different
variable-thrust conditions (i.e., pintle position) and the mass flow rate relationship have
been designed, but due to processing and assembly errors, this regulation characteristic
may not be realized, so an actual corresponding relationship needs to be obtained through
experiments so that the control system can be designed much more accurately.

It is easy to see that the mass flow rate of the two propellants can be determined
simultaneously by the same displacement variable.

qm f (ε) = f unqm f (xpin) (16)

qmo(ε) = f unqmo (xpin) (17)

where f unqm f and f unqmo are continuous monotone functions of pintle displacement.
There is a monotonic relationship between the operating factors of the variable-thrust

LRE and the displacement, mass flow rate, injection pressure drop, control chamber pres-
sure, and PWM valve control duty ratio. Accordingly, the displacement, mass flow rate,
and engine working conditions of the IFRGG can be varied by changing the PWM valve
control duty ratio, as shown in Figure 4.
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2.3. Control System Design and Simulation 
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At this time, the rocket flight control system sends the thrust control command to the 
variable-thrust LRE system, and the engine controller calculates the displacement control 
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(b) xpin-qm steady-state relationship. (c) xpin-Pif/Pio/Pgg steady-state relationship. (d) xpin-Pc/τPWM

steady-state relationship.

2.3. Control System Design and Simulation

In the recoverable phase the LRE is required to provide only a small value of thrust. At
this time, the rocket flight control system sends the thrust control command to the variable-
thrust LRE system, and the engine controller calculates the displacement control command
and implements the real-time measurement and closed-loop control of the variable-thrust
displacement. The working principle of the variable-thrust control system is shown in
Figure 5.
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The displacement instruction of the pintle is given by the thrust adjustment character-
istic function f unFg , as shown in Equation (18).

xpin,cmd = f unFg(Fg,cmd) (18)

The control law of the variable-thrust engine is shown in Equation (19), that is, the
position command of the pintle is set by changing the PWM valve control duty ratio. And
a PI controller is used in this article.

τPWM → xpin = xpin,cmd (19)

The integrated transfer function of the PWM valve and IFRGG is shown in Equation (20).

G(s) =
∆xpin(s)

∆τPWM(s)
=

1
T1s + 1

e−T2s (20)

where s is Laplace transform symbol, and T1 and T2 are the time constants.
Accordingly, a simulation study of the control system based on a displacement closed-

loop control was carried out, as shown in Figure 6. Figure 6a shows the displacement
instruction and tracking results, and Figure 6b shows the chamber pressure control results.
The latter is representative for the thrust produced by the engine. The simulation results
show that the steady-state error of the displacement closed-loop control is small, at less
than ±3% by an error evaluation formula error =

xpin−xpin,cmd
xpin,cmd

× 100%. The adjustment
process is fast, and the adjustment time is about 0.3 s. The chamber pressure dynamic
simulation results are good, which can realize the rapid control of the chamber.
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3. Experimental Research on Variable-Thrust Control System
3.1. Experimental Research on Steady-State Regulation Characteristics

Experiments were carried out in order to verify the proposed method of thrust control
based on IFRGG line displacement closed-loop control. The test system was composed of
an engine controller, IFRGG, simulated flight control system, PWM high-speed solenoid
valve, LVDT line displacement sensor, pressure sensor, temperature sensor, cable, gas
cylinder, DC power supply, flow meter, control valve, hand valve, etc. At the same time,
the test program of the upper-computer and the flight program of the engine controller
were developed, and a multi-round joint test was carried out.

The experiment facilities were built and a thrust closed-loop control test based on the
pintle displacement was carried out. The working principle of the experiment facilities and
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the experiment process are shown in Figures 7 and 8. The main working parameters of the
hardware participating in the experiment are shown in Table 1.
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Table 1. The main working parameters of the hardware participating in the experiment.

S.N Hardware Name Code Specifications Electrical Characteristics

1 PWM valve PWM Equivalent diameter 0.4 mm Voltage 27 ± 3 V, Resistance 39 Ω,
Response time 4~6 ms

2 Back pressure sensor Pgg pressure: 2~8 MPa;
temperature: 100~200 ◦C;

Precision: 1% F.S (25 + 10); Excitation voltage:
10~15 VDC; Zero point output: 0.2 ± 0.1 V; Zero

drift: 0.25% F.S (1/2 h); Full range output:
4.8 ± 0.1 V; Power supply current: ≤20 mA;

Absolute point resistance: ≥100 MΩ

3 Servo chamber
pressure sensor Pc pressure: 0~11 MPa;

temperature: −25~25 ◦C; Input 15 ± 2 V; Output 0.5~4.5 V

4 Pgg pressure sensor Xpin Linear displacement 2.0 mm Input 24~28 VDC; Output 0~5 V

5 Integrated flow
regulator/gas generator — — —
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After the set-up of the LRE variable-thrust adjustment and control experiment system,
the control parameter setting test was carried out first, in order to obtain the optimal steady-
state control accuracy, overshoot, and response time. The maximum data acquisition
frequency was 3000 Hz, the filtering frequency was 500 Hz, the data storage frequency was
200 Hz, the control frequency was 50 Hz, and the optimized controller parameters P and I
were determined after several repeated debugging tests.

On this basis, the through-flow test, flow resistance matching test, and displacement–
flow regulation characteristic test were carried out. The test results are shown in Figure 9,
which are all dimensionless. As shown in Figure 9a, in this test, the working factors of the
variable-thrust LRE are adjusted within a range of 100~30% through pintle displacement ad-
justment, and the relationship between displacement and working factors is approximately
linear. The square black-line and the red circle-line in Figure 9a,b are most completely
coincident. This is due to an approximate linear relationship between the variable-thrust
condition and displacement, so the polynomial fitting error is very small. The black square
block plots in Figure 9b,c are the steady-state test results of the adjustment characteristics
of the pintle displacement, fuel and oxidizer mass flow. It can be seen that, through the
movement of the pintle, the fuel and oxidizer flow can be adjusted in a range of 100%~30%
to meet the demand of variable thrust. The relationship between the displacement and
fuel and oxidizer flows is approximately linear. The oxidizer/fuel mixing ratio of the
IFRGG can be further obtained from the test results in Figure 9b,c. As mentioned earlier
in this paper, the oxidizer and fuel flow area of IFRGG under each variable-thrust con-
dition is determined in the design stage. In the actual work process, the change of the
two flow areas can be realized synchronously by changing the control variable, i.e., the
pintle displacement. In the flow regulation characteristic test stage, two tests are conducted
to obtain a corresponding relationship between fuel flow and pintle displacement and a
corresponding relationship between oxidant flow and pintle displacement. Both the corre-
sponding relationship between oxidant flows to displacement and that between fuel flows
to displacement are almost linear. However, since only one control variable (displacement)
can be used to control two controlled variables (two flow areas), as shown in the oxidizer
flow chart in Figure 9c, the abscissa can only use the displacement data in the fuel flow
displacement test, so the oxidizer flow fuel is not completely corresponding. It can be
seen that when adjusting the working condition (by changing the pintle displacement), the
oxidizer/fuel mixing ratio is distributed around the design value of 0.35, and the deviation
from the design value is no more than ±10%. Considering that factors affecting turbine
power capacity include the gas mass flow rate, gas constant, and gas temperature, adaptive
adjustment can be carried out to a certain extent. Therefore, the influence of the O/F mixing
ratio deviation is small and within an acceptable range.

According to the steady-state test data of the regulation characteristics, the polynomial
fitting method is adopted to obtain the specific forms of the f unqm f and f unqmo functions,
as shown in Equations (21) and (22), and they are both a vector product of a row vector and
a column vector.

qm f
(
xpin

)
= Pqm f ×

[
x5

pin, x4
pin, x3

pin, x2
pin, xpin,1

]T
(21)

qmo
(
xpin

)
= Pqmo ×

[
x6

pin, x5
pin, x4

pin, x3
pin, x2

pin, xpin,1
]T

(22)

where
Pqm f = [−882.57, 1648,−686.95,−180.07,−230.75, 377.3] (23)

Pqmo = [−3824, 9146.9,−8074.3, 3115.6,−497.68,−59.624, 121.36] (24)

Furthermore, unit of qm f , qmo is kg/s, unit of xpin is mm, and the polynomial Pqm f and
Pqmo vectors are dimensionless.
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Figure 9. Experimental results of displacement–flow regulation characteristics of the IFRGG. (a) Work-
ing condition factor-displacement. (b) Displacement-fuel flow. (c) Displacement-oxidizer flow.
(d) O/F ratio and its deviation.

The fitting results of Equations (21) and (22) are also shown in Figure 9. As can
be seen from the red dot-figure in Figure 9b, the deviation between the fitting results
of displacements and fuel flow steady-state regulation characteristics and the test data
is less than ±0.5%, which can sufficiently meet the data processing and transmission
requirements of the control system. It can be seen in Figure 9c that the fitting results of the
displacement–oxidizer flow steady-state regulation characteristics deviate from the test
data. This is because only the displacement of the same control quantity can realize the
control of the fuel flow and oxidizer flow at the same time, and there are large machining
tolerances and mating tolerances in the process of fuel and oxidizer circular joint structure
processing and mating installation. In order to obtain more reasonable flow resistance
characteristics, repeated debugging tests are needed. Therefore, the displacement–fuel flow
regulation characteristics and displacement–oxidizer flow regulation characteristics are not
obtained in the same test, but in the fuel characteristic test and oxidizer characteristic test,
respectively, so it is difficult to align the displacement reference. Therefore, the fitting curve
in Figure 9c above is drawn on the horizontal coordinate of the displacement in Figure 9b,
which is also the adjustment characteristic of the real control system, which also explains
the phenomenon of the large deviation of the O/F mixing ratio in Figure 9d.

3.2. Experimental Research on Variable-Thrust Control System

According to the flow regulation characteristics of the IFRGG, several displacement
closed-loop control tests were carried out. In this paper, four representative test results
numbered as XC-001, XC-002, XC-003, and XC-004 were selected for display and analysis.
The inlet control pressure of XC-001 and XC-002 was 6.8 MPa, and that of XC-003 and
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XC-004 was 4.5 MPa. The electric area-adjustable orifice area was A3 for XC-001 and XC-002,
A5 for XC-003, and A6 for XC-004, which have been illustrated in Figure 3. The curves of
the four tests are shown in Figure 10.
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Figure 10. Test results of the variable-thrust control system. (a) XC-001. (b) XC-002. (c) XC-003. (d) 
XC-004.  
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the friction is kinetic. In addition, after several tests have been carried out on the same 

Figure 10. Test results of the variable-thrust control system. (a) XC-001. (b) XC-002. (c) XC-003.
(d) XC-004.

In order to prevent the phenomenon whereby the pintle cannot move at a suitable
speed due to an excessive load, a higher inlet control pressure of 6.8 MPa was selected in the
first test, as well as a smaller electric area-adjustable orifice area, i.e., A3. These measures
were intended to increase the force of the actuator. According to the XC-001 test data in
Figure 10a, the delay and overshoot of the first displacement step control are both large,
and the system only has one overshoot. This indicates that there is a large static friction
force in the initial state which causes the system to have a large time delay phenomenon. A
summary of control system performance including overshoot, adjustment time, and steady
state error has been given in Table 2.

Table 2. Summary of control system performance.

S. No. Test Code Test Conditions Overshoot, % Adjustment Time, s Steady State Error, %

1 XC-001 Pc = 6.8 MPa,
AOR = A3

4.35 0.11 0.35

2 XC-002 Pc = 6.8 MPa,
AOR = A3

6.09 0.07 0.31

3 XC-003 Pc = 4.5 MPa,
AOR = A5

1.50 0.10 0.35

4 XC-004 Pc = 4.5 MPa,
AOR = A6

1.92 0.18 0.97
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Generally, at the first test in a day, as the moving part pintle and the sleeve are in a
static friction state, a larger actuator force is required to overcome it. When the control
process is going onto the second step, the system is in a dynamic equilibrium state, and
the friction is kinetic. In addition, after several tests have been carried out on the same
day, the friction force will be very small in the following test, so some graphs have a large
overshoot, and others have no overshoot.

After the direction of friction is changed, the system starts to adjust in the opposite
direction and rapidly converges to the set value, gradually stabilizing near the set value.
When the system is in a dynamic equilibrium state, another instruction value can be reset,
and the system can quickly converge. When the slope instruction, which is mainly used to
simulate some situations of slowly varying thrust, is used, the system has no overshoot
because the instruction changes slowly. Additionally, the control system has good tracking
performance and almost no steady-state error. The blue dotted line in Figure 10 is the
chamber pressure curve, and it is easy to see that the chamber pressure, which is seen as
being representative for thrust, can also achieve good tracking. Thus, the test results clearly
verify that the method of real-time displacement measurement and closed-loop control
can effectively achieve variable-thrust control. The larger chamber pressure overshoot in
Figure 10 is caused by the larger force of the actuator.

Figure 10b shows the test results of XC-002 at identical test conditions as for XC-001. In
order to verify the anti-interference ability of the control system under a large back-pressure
disturbance, the back-pressure disturbance was automatically added by an electric back
pressure value in the XC-002 tests. According to the test results, with the superposition
of the disturbance quantity, the displacement control produces a certain fluctuation, but
after a certain time correction, the displacement can still return to the command value. This
shows that the control system has excellent anti-interference ability.

Considering the larger overshoot of the chamber pressure in the XC-001 and XC-
002 tests due to the large control pressure at the actuator inlet, the inlet control pressure
was reduced from 6.8 MPa to 4.5 MPa, and the area of the electric area-adjustable orifice
was increased to A5. The test results are shown in Figure 10c. It is easy to see that the
overshoot and steady-state error of the displacement control are significantly reduced,
but the displacement tracking is slow in the first-step control, which indicates that the
force in the control chamber is too low, and that on the piston surface is insufficient.
The chamber pressure, equivalent to thrust, has a good response process under different
working conditions, and the overshoot is almost eliminated. However, similar to the
displacement response, the first-step control also has the phenomena of a fixed steady-state
error and a slow response time caused by the insufficient force.

After the XC-003 test, the area of the electric area-adjustable orifice was further in-
creased to A6, and the test was repeated. XC-004 tests were then carried out for a low
working condition to a high working condition. The test results are shown in Figure 10d.
This experiment not only verifies the variable-thrust control ability from a high working
condition to a low working condition, but also determines the better control chamber
pressure and electric area-adjustable orifice area parameters. As can be seen in Figure 10d,
the displacement tracking is good, the chamber pressure response is fast, the overshoot is
small, and the variable-thrust control effect is good. There always exists a high-frequency
and small-amplitude fluctuation (defined as the instantaneous value of a time-series pa-
rameter that does not coincide with its steady-state value) in the working parameter, such
as pressure, flow rate, and displacement, which is caused by the friction between the pintle
and the sleeve. In fact, the existence of friction ensures the flexible and reliable movement
of the pintle. Too little friction will lead to difficulty in controlling the system, and too much
friction will lead to the stagnation of the moving parts.

The authors are developing an 80t-thrust variable thrust rocket engine, and the research
results of this paper are only part of an intermediate state, which will soon be applied
in the integration demonstration flight experiment of the of the 80 ton variable thrust
rocket engine.
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4. Conclusions

In this paper, under the current urgent demand for reusable launch rockets and
variable-thrust LRE technology research, a high-precision variable-thrust control method
based on the real-time measurement of pintle displacement and closed-loop feedback con-
trol was proposed to solve the technical problems of the wide-range variable-thrust control
of pintle LRE. The dynamic model of the variable-thrust control system was established,
and the design and simulation of this system have been performed. The experimental
verification of the variable-thrust control method was carried out, and the control system
characteristics of the LRE in the process of variable thrust were obtained. The feasibility of
the variable-thrust control method was verified.

IFRGG has two very narrow annular gaps and several grooves on the plug, and the
structure profile of the annular gap is appropriately designed. By an axial linear movement
of the pintle, the flow area of the two gaps can be changed under different variable-thrust
conditions; when an appropriately accurate structure profile of the IFRGG is designed, the
method based on real-time measurement of pintle displacement and closed-loop feedback
control can be adopted to avoid the difficult problem of the direct measurement of the
combustion pressure. This provides a correct and reasonable working principle, and the
engine control system is simple. Under this method, the total change in the displacement
is relatively small, generally not more than 2.0~3.0 mm, which makes it convenient for
structure designers because of the impact of such a short distance movement. Under the
condition of definite structural parameters, the parameters affecting the characteristics of
the control system mainly include the inlet pressure of the controller, the area of the electric
area-adjustable orifice, the control frequency of the PWM valve, the duty cycle, and the
control parameters of the engine controller. In this paper, by carrying out experiments, the
optimal control chamber pressure was determined to be 4.5 MPa, the throttling area of
the electric area-adjustable orifice was A3~A6, and the control frequency was 50 Hz. With
different PWM valve control duty ratios, the closed-loop displacement control requirements
of high precision and fast response under different working conditions were realized, and
the displacement response speed, overshoot, and steady-state control accuracy meet the
requirements. The inlet control pressure has a great influence on the performance index of
the control system. The higher the inlet pressure, the faster the response speed of the control
system and the smaller the steady-state error, but the larger the overshoot. On the contrary,
with a lower inlet pressure, the overshoot of the control system decreases significantly,
but the response speed slows down and the steady-state error increases. According to
the test results, the steady-state error of the control system is at 0.31~0.97%, the chamber
pressure response time is not more than 0.3 s, the overshoot is not more than ±3%, and the
pulsation amplitude is not more than ±5%, which solves the problem of the wide-range
thrust adjustment and control of variable-thrust LRE of reusable launch rockets.

In the next step, the control method will be applied to the flight experiment of a
Reusable launch rocket in China, which will provide important support for rocket recovery
and reuse and a significant reduction in launching costs. The authors are developing an
80t-thrust variable thrust rocket engine, and the research results of this paper are only
part of a larger study, which will soon be applied in the integration demonstration flight
experiment of the of the 80 ton variable thrust rocket engine.
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