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The design and analysis procedures for the thrust controller used in variable-thrust rocket engines are substantially different from
those used in conventional engines due to the large-scale thrust adjustment capabilities that result in a wide range of operating
situations. In this study, two control algorithms, h-infinity and adaptive linear quadratic regulator (ALQR), are constructed,
examined, and contrasted utilizing the adaptive control system architecture. Both methods are capable of producing engines
that respond in less than one second, have a steady-state error of less than two percent, and are robust.

1. Introduction

Due to its capacity to regulate thrust, the variable-thrust
liquid rocket engine has numerous technical advantages as
an aeronautical power source. Variable-thrust liquid rocket
engines can alter their thrust in a wide range and under
complicated operating conditions when compared to
fixed-thrust rocket engines. As we all known, variable-
thrust liquid rocket engine is the novel challenging topic
for the related researchers and engineers. This paper mainly
focuses on the control system design methods for variable-
thrust rocket engines, which can be used for the reconfi-
gurations of the flight control models. Since its control
system design must be more robust, there are notable vari-
ations in the analysis and design processes. Tracking the
combustion chamber pressure is the primary control chal-
lenge of a variable-thrust liquid rocket engine, which can
be accomplished by adjusting the flow control valve [1].
The aim of managing the thrust by altering the pressure

in the combustion chamber is accomplished, and a review
of various control systems reveals that the PID method is
used by the majority of them. The traditional PID algo-
rithm struggles to deal with the complex working condi-
tions generated by the variable-thrust engine’s continuous
operation, as well as the structural disturbances that will
be generated during the engine operation. This paper’s
adaptive framework and robust algorithm can effectively
improve the overall robustness of the control process, cope
with drastic changes in the engine’s working environment,
and serve as a reference algorithm design for reusable
variable-thrust engines.

Solenoid valve hydraulic control technology is heavily
utilized in the thrust control system of variable-thrust liquid
rocket engines [2, 3]. It is feasible to regulate the thrust sys-
tem of these engines by altering the control valves in the
combustion chambers [4, 5]. The three main loops that are
required for the proper operation of variable-thrust liquid
rocket engines are thrust control, propellant usage control,
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and thrust vector control [6]. These loops and subsystems
are in charge of gathering sensor data and changing the con-
trollable inputs to determine the state of the engine and pro-
cess variables. Based on the aforementioned techniques that
use an open loop to achieve thrust control, Pérez-Roca et al.,
Xin et al., Yun-qin, Bellows et al., Le Gonidec, Huzel and
Huang, Timnat, Lorenzo and Musgrave, Sutton and Biblarz,
Dai and Ray, and Kiforenko and Kharitonov developed an
open-loop optimal control strategy in [1-11] for controlling
the thrust of a rocket engine. However, the majority of inves-
tigations employ closed-loop control. They often choose for
the traditional PID-based strategy to control the engine’s lin-
earized model [12-15]. Le Gonidec and Faye incorporate
nonlinearity into the control technique to avoid overtaxing
the engine [16]. There is also literature on filtering the input
set signal by including a filter module [17]. Reactions to spe-
cific faults and uncertainties are a feature of several
approaches [18, 19] that improve the engine control system’s
robustness.

A liquid rocket engine’s operation involves a number of
unclear characteristics that could vary from operation to
operation. In this study, a control system is presented,
whereby the controller settings are altered to adapt to the
engine operating conditions. A robust algorithm is used to
change these values, and using robust control techniques
can significantly increase system stability [20]. ALQR and
h-infinity are two distinct robust algorithms that are
employed. The h-infinity control theory is a powerful
approach for dealing with the uncertainty of the model
[20, 21]. It uses the infinite norm of the system transfer func-
tion as the optimum design index in Hardy space to arrive at
a robust control theory [22, 23]. Augmented Linear Qua-
dratic Optimal Control (ALQR) may eliminate steady-state
errors and offers an unlimited amplitude margin and phase
angle margin of more than 60° [24-26].

Control methods may adapt to changing operational
conditions and upsetting effects and are employed in a
wide range of control applications [27-30]. In this study,
the engine control system is designed using the hybrid
sensitivity function, a typical h-infinity method problem
[31]. The noise may be successfully muted and response
time can be increased with the controller’s design. The
variable-thrust liquid rocket engine is subjected to the
augmented LQR approach using the derivatives of the
original system state and the command error as aug-
mented state vectors. It satisfies the control needs of
aeroengine command tracking in addition to having good
robustness.

The features of variable-thrust liquid rocket engines, the
need for liquid rocket engine control, and the nature and
characteristics of two robust control systems are all briefly
covered in the first half of the paper. In the second section,
the variable-thrust liquid rocket engine’s system concept is
presented. Additionally, a mathematical model of the engine
created using the system identification approach is provided.
In Section III, the engine control issue is examined, the two
control approaches are integrated into the adaptive frame-
work for engine thrust control, and MATLAB and Simulink
are used to simulate and analyze the entire system. The two
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control strategies are outlined and contrasted in Section IV
when they are used with a variable-thrust liquid rocket
engine.

2. Model of the Liquid Rocket Engine

Rocket engines do not require outside air; instead, power is
directly produced by the internal combustion of propellants
and is then ejected at high speed to produce thrust. In con-
trast, aeroengines require the inhalation of air, which is
burned and compressed before being ejected at high speed
to produce thrust. Aerospace technology’s variable-thrust
liquid rocket engines have dual-adjustable injectors and cav-
itation ventilators, which enable a wide range of operating
conditions and great performance. The design provides good
atomization, guarantees combustion stability, and boosts
combustion efficiency. It also maintains the appropriate pro-
pellant component ratio throughout the operating circum-
stances. Simple moving components that are simple to
modify and guarantee dependable operation are found in
the injectors and venturi.

A schematic diagram of a liquid rocket motor system is
shown in Figure 1. Pulse width modulation technologies,
such as solenoid valves and hydraulic actuators, are used as
actuators in liquid rocket engines with variable thrust. The
rocket motor’s flow regulation is controlled by a solenoid-
hydraulic valve actuation system. The input and output sole-
noid valves are operated to operate in various operating
modes by sending control signals from the solenoid valves.
The hydraulic system then drives the actuator, altering the
venturi’s regulating cone’s stroke. The controlled flow and
the opening stroke of the regulating cone are linearly corre-
lated in the linearly adjustable cavitation venturi [32]. There-
fore, it is possible to control the flow of the oxidizer and
combustion agent in order to achieve the goal of managing
the pressure in the combustion chamber by controlling the
time at which the solenoid valves at the intake and exit open.

As described above, there is a complex process of
mechanical motion and chemical reaction between the actu-
ator motion and the combustion chamber pressure output of
the rocket motor. Due to the limitation of real-time data
acquisition, it is therefore difficult to obtain the theoretical
modeling of the rocket motor flow and injector through
the analysis of the mechanism. Considering all aspects, this
paper adopts the mathematical model of the rocket engine
established by the system identification method. The
selected actuator displacement is used as the input r(t),
which determines the lift of the venturi regulating cone,
while the pressure in the combustion chamber is used as
the output y(¢), and the least squares method is used for
parameter identification to obtain the mathematical model
of the system.

Since the dynamic characteristics of the engine chamber
pressure change during both rise and fall, and the character-
istics change significantly under different operating condi-
tions, it is difficult for the linear mathematical model with
fixed parameters to describe the dynamic characteristics of
the engine under all conditions more accurately, and the
engine has high requirements for control performance and



International Journal of Aerospace Engineering

Oxidizer
tank

4

Fuel tank

Adjustable
venturi

Adjustable
venturi

—

<:] The electromagnetic
valve

N

Adjustable injector

|

Thrust chamber

—

<= Pipeline
4w Control signal

Control fluid
storage tank

Actuator

B

The electromagnetic <:

valve

-

Controller

|

Sensor

FIGURE 1: A scheme of variable-thrust liquid rocket engine control system.

stability. Therefore, after determining the engine models
under different operating conditions, the model in this paper
uses different parameter models to describe them according
to different chamber pressures and operating conditions, so
that the simulation is closer to reality. Based on the cold test
data, the data of the engine system under different operating
conditions are identified and the corresponding transfer
functions are obtained [33]. The model is then stimulated
with the raw input data to obtain the model output, which
is compared with the raw output data. The similarity
between the model output and the actual output is described
using the goodness-of-fit.

s .2
Fit=1- 20k (1)

20k _)7)2.

¥ represents the actual output value at the kth sampling
time, y, represents the model output value at the kth sam-
pling time, and y represents the average value of the actual
output. The closer the degree of fit is to 1, the closer the sys-
tem described by the model is to reality.

The fit of the different order models is listed in Table 1. It
can be observed that the order of the model should not be
less than the 2 orders, and the fitting degrees of the model
after the 3 orders are not improved much, so the model
order should be 2 or 3 orders.

The engine models identified by cold test and hot test data
under different operating conditions are given below [34];

The cold test rising condition (from high condition to
low condition) is as follows:

231.7s% — 5.375e005s + 4.796e008 2)
s34+ 1139s2 + 1.021e006s + 4.44e008°

TaBLE 1: Temperature and wildlife count in the three areas covered
by the study.

Model order (denominator orders molecular orders) Fit
(11 0.7208
21 0.8021
22) 0.7983
31 0.9443
(32) 0.9437
(33) 0.9456
(41 0.9807
(42) 0.9719
(4 3) 0.9839
(4 4) 0.9853
283.352 — 6.492e005s + 5.959¢008 (3)

3 + 128552 +9.229€005s + 4.929¢008

185.4s2 — 4.593e005s + 4.368¢008 (4)
3 +740.75% + 9.449¢005s + 3.386e008°

147.45% — 3.681e005s + 3.511e008 (5)
$3 +667.452 + 9.945¢005s + 2.601¢008

The cold test down condition (from high condition to
low condition) is as follows:

534.7s% — 1.222e006s + 1.147¢009 (6)
3 + 113452 + 1.164e006s + 8.183e008”
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100s? — 2.584e005s + 2.45e008 (8)
$3 +717.65% + 4.791e005s + 1.726008 °

The hot test rising working conditions (from high work-
ing conditions to low working conditions) are as follows:

17.94s% — 8.79¢004s + 1.644e008 (9)
3+ 1770s% + 3.335e006s + 1.329¢009

22.86s% — 1.153e005s + 2.719¢008 (10)
s3 + 153752 + 2.719e006s + 1.547¢009

The hot test down working conditions (from high work-
ing conditions to low working conditions) are as follows:

5.662s% — 2.932e004s + 5.523¢007
$3 + 150952 + 1.533e006s + 3.806€008 -

(11)

2.1. Controller Design for Liquid Rocket Engine. As a control
object, the variable-thrust liquid rocket engine has large
parameter variations under different operating conditions.
Conventional control algorithms cannot solve this problem
well, but adaptive control methods are a suitable approach.
An adaptive system is a system with some adaptability. It
can sense changes and automatically correct the control
parameters when the operative conditions change, so the
system still has the adaptive control effect.

At present, solenoid valve hydraulic control technology
has been widely used in variable-thrust liquid engine systems.
The engine control system used in this paper is shown in
Figure 2. The system adopts a single closed-loop structure,
and the combustion chamber pressure is used as the control
variable. The hydraulic actuator as actuator converts the act-
ing on the solenoid valve into the displacement of the actuator
piston and drives the flow-regulating element on the engine to
adjust the flow of the combustion agent and the oxidant,
thereby controlling the pressure of the combustion chamber.

Self-tuning control belongs to the adaptive control
method, which is used according to the different operating

corresponding to each operating condition is set, the same
controller is used for similar operating conditions, and the
system is matched with different controllers according to
the different operating conditions.

The necessary controller parameters are designed based on
models of various working scenarios, as illustrated in Figure 3.
The output value of the combustion chamber pressure
returned by sampling is compared to the sample chamber
pressure, and the difference value is compared to the step
height between working conditions in order to determine the
proportional coefficient. To decide whether to modify the con-
troller’s parameters, the proportional coefficient is utilized as
the reference value for the adjustment amount. Examples of
unknown disturbances include unexpected engine failures
brought on by structural damage and component deformation,
whereas recognized disturbances include combustion instabil-
ities at low and high frequencies [35]. The h-infinity approach
is reliable and efficient for suppressing these disturbances.

2.2. H-Infinity Mixed Sensitivity Design

2.2.1. H-Infinity Control Strategy. H-infinite optimal control is
the use of h-infinite parametrization as a measure of the objec-
tive function to optimize the design of the system. The h-infinite
parametrization is a parametrization defined on Hardy space.
In h-infinite control theory, it refers to the maximum singular
value of the matrix of rational functions analyzed on the right
half-plane of s. In the case of scalar functions, it refers to the
maximum value of the amplitude-frequency characteristic
[32]. Thus, the effect of a disturbance with a minimum power
spectrum on the system can be minimized if the h-infinity
parametrization of the transfer function from the system dis-
turbance to the error is minimized. This is the basic idea of
infinite control.

The main idea of the mixed sensitivity method is to
select the weighted matrix W, W,, W5 in the frequency
domain to meet the multiobjective requirements of the
closed-loop system design, transform the control object into
the state space expression of the generalized controlled
object with mixed sensitivity, and solve the mixed sensitivity
problem in the time domain. The h-infinity norm of a
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function matrix is defined as [36] 21 4 2 4723
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IT(5)ll o = sup e[T (k)] (12)
keR d
- . u +yt -
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The tracking problem for a linear time-invariant system
is shown in Figure 4 where r,e,u,d,y are the reference
input, tracking error, input control, measured disturbance,
and thrust output, respectively, K is the controller, and G
is the engine mathematical model. Assuming G(oo0) =0,
the transfer functions of r to e and u and y are

S=(I+GK)™, (13)
R,=K(I+GK)™" =KS, (14)
T=GK(I+GK)"'=I-8. (15)

where S and T are called the sensitivity function and com-
plementary sensitivity function. The smaller the gain of S,
the smaller the tracking error of the corresponding system
and the better the response of the obtained system. The
complementary sensitivity function T is an important indi-
cator to determine the robust stability of the system, and
the effect of model uncertainty on the system can be sup-
pressed by reducing the magnitude of T. However, it can
be seen from Equation (15) that both S and T indicators can-
not be reduced at the same time. In general, most of the
interfering signals are low-frequency signals and the system
uncertainty appears in the high-frequency band, so the
trade-off between the two indicators should be made accord-
ing to the actual situation in choosing the weighting func-
tion. In contrast, the split-condition rocket engine model

1

FIGURE 4: Block diagram of mixed sensitivity control.

used in this paper has been modeled by identifying the oper-
ating conditions to properly reduce the system uncertainty.
As shown in Figure 4, the transfer functions of interfer-
ence d to z,, z,, and z; are WS, W,R, and W, T, respec-
tively. The framework of the mixed sensitivity problem is

We w, -W,G
W,u 0 W, r
wyl| | 0 wiG [u] (16)
e I -G
u=Ke

Among them, the augmented object model is

W, -W,G
o W

Gy = ? (17)
0 WG
e
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It can be derived as
w,S w, -W,G
y=|W,R|=|0 |+| W, |KI+GK)" (18)
W,T 0 W,G

=LFT(Gy(s),K(s)).

The right end of Equation (18) is the linear fraction
transformation form of the objective function. Therefore,
the problem of making the system internally stable and
meeting the design index [|y|| <1 of the controller K(s)
can be attributed to the design problem of increasing the
H_, standard corresponding to the generalized controlled
objects containing weighted functions Gy(s). G(s) is a model
of a variable-thrust liquid rocket motor system under a par-
ticular operating condition.

2.3. Design of H-Infinity Mixed Sensitivity Controller. W,
can take the diagonal real rational function matrix, the
frequency domain width of low-frequency interference is
w,, and the influence of low-frequency interference on
the system is attenuated by k, times. Determine w,
according to the requirements of the rocket engine
response rapidity, make the amplitude-frequency charac-
teristics of W, (jw) = k,/(jw/w| +1) exceed w, [37], and
select W, (jw) if it is satisfied (if not, increase the order
of the controller).

W, represents the norm bound of the additive perturba-
tion, which can be a diagonal real rational function matrix,
and satisfies the restriction condition of formula 6[W;' (jw)]
< 0[G(jw)]. In order not to increase the order of the control-
ler, a constant real number is used, which means that the addi-
tive perturbation is a constant bound. Within a certain range,
the larger the value, the smaller the ||R]| ..

W,(jw) represents the norm bound of multiplicative
perturbation. Therefore, W,(jw) should have high-pass
properties. W,(jw) can be a diagonal nontrue rational
function matrix. However, it must be ensured that W,(j
w)G(jw) is a real rational function. So the number of
times of the W;(jw) that the numerator is higher than
the denominator is limited by this condition [38]. Subject
to the restriction of o[Wi!(jw)] +a[W3!(jw)] =1, usually
the frequency band of W;(jw) should be at the right end
of, that is, the frequency bands of W,(jw) and W,(jw)
do not overlap. For those with high-pass nature, the rising
slope can be larger, for example, 40 dB per 10 octaves. As
can be seen from the foregoing, the suppression of high-
frequency interference by the closed-loop system can be
ensured at this time.

Design the h-infinity controller for one of the working
conditions of the variable-thrust liquid rocket engine,
According to the above rules and based on the experiment
method, the W, W,, and W, can be obtained as

30
W= ——  W,=0.00001, Wy= ———
5+0.0001s 5+ 5000005

(19)
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The amplitude-frequency curves of W (s) and W,(s) are
shown in Figure 5. It can be found that the designed weight
function satisfies the characteristics of W (s) high-gain, low-
pass, and W (s) high-pass filtering well. Besides, the cut-off
frequency of W, is higher than W,.

Through the hinfsyn function in the MATLAB robust
control toolbox, the form of robust controller can be
obtained

8452s'! + 4.255¢09s' + 1.45¢13s’
+2.948¢16s° + 4.145¢19s + 4.29¢225°
+3.389¢255° + 2.011e28s* + 8.72¢30s°

+2.553¢33s” + 3.699¢35s + 3.699¢31
K=—; 11 10 9 (20)
s +9.755e06s " +5.22el10s " + 1.389¢14s

+2.384¢17s° + 2.896€20s” + 2.605¢23s°
+1.725¢26s° + 8.214¢28s* + 2.593¢31s°
+4.01€33s> + 8.019¢29s + 7.612€25

Figure 6(a) shows the singular value curves of the sensi-
tivity function S(s) and T(s) the weight function W, (s),
the penalty sensitivity function T'(s), and the weight function
W,7!(s) concerning w, respectively.

WS represents the requirements for system tracking
and interference suppression performance and should meet
the necessary condition ||W,S||., <1$,$5[S(jw)] <a[W,™*(
jw)]; it can be seen from Figure 6(a) that the designed con-
troller satisfies the systematic requirements. W, T represents
the requirement for the robust stability of the system, and
the necessary condition of || W;T||, <1 should be satisfied,
that is, to satisfy o[T(jw)] <a[W; ' (jw)]. As can be seen
from Figure 6(b), it can be seen from the figure that the pen-
alty sensitivity function is suppressed in the high-frequency
band, and the designed controller meets the requirements
of system performance.

As can be seen from Figure 7, the cutoft frequency of the
system is w,=103rad/s, and the phase margin is 72.6°.
Therefore, the system is stable and has good robustness.

It can be seen from Figure 8 that the system has no over-
shoot after adopting h-infinity control, and the adjustment
time is only 19 ms. After inputting constant value interfer-
ence, it can recover quickly, and the steady-state error is
close to 0. So when parameter uncertainty occurs, the engine
can be quickly restored to condition.

2.4. ALQR Control Strategy

2.4.1. ALQR Control Principle. A linear quadratic regulator
(LQR) is a feedback regulator that tries to ensure that each
component of the system output vector or each component
of the state vector is close to a balanced state when the sys-
tem receives external force disturbances without consuming
too many control resources. The LQR controller solves the
minimum optimal regulation law x(0) =x, that satisfies
the quadratic index under the condition of the initial state
u(t) = —kx(t).
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Among them, Q is a symmetric nonnegative matrix, R
is a symmetric positive definite matrix, and Q and R are
called weight matrices. By choosing different weight
matrices, the decay speed of the output represented by
the index function ] can be traded with the energy con-
sumed by the control process [39]. That is, the control
effect of the controller depends on the selection of the
weight matrix. LQR is to solve the problem of state reg-
ulators and cannot meet the tracking control require-
ments of aeroengine commands. Therefore, in order to
eliminate the steady-state error, an augmented method
is used to introduce an integral link in each control loop
of the design object model to form the internal model of
the step input signal, which is the lowest common
denominator of the unstable pole of the external input
signal, reciprocal.

Describing the liquid rocket motor system in terms of

state space yields . For the engine-controlled object

C D
containing the actuator, its mathematical model is a strictly
regular system. In the system shown in Figure 9, D=0 and
the error e can be derived by deriving

——j=—Cx(t >0). (22)

The augmented state vector becomes X = [)'cTeT]T. The
design objects of the augmented LQR method are

x=AX + Bu. (23)

A 0

-C 0 0
design an LQR regulator for the system described by
Equation (21), so that all state quantities are kept at zero:

T - .
%=[x"e"]" =0. The original system state x remains

unchanged and satisfies the requirement of no steady-
state error. The augmented system performance functional
is

Among that u=1u, A= ,and B= . Then

A'P+PA-PBR'B"P+Q=0. (24)

Expressing K by x and e as a block matrix K = [K, K],
we can get

_ P’
i=Kx=[K,K,]| |=Kx+Ke. (25)

e

To calculate the Laplace transform of Equation (25),
the original system controller can be obtained as

K
u=Kx+ € (26)
s
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Select the same working condition of the variable-
thrust liquid rocket engine to design the ALQR controller.
According to the above method, the design object is aug-
mented, and then, the LQR controller is obtained for the
augmented design object [40]. You can get the ALQR con-
troller

K = [81.8737.7721.192],
K,=70.711.

Using the Simulink to simulate, the results are shown in
Figure 10.

From Figure 10, the adjustment time is 17 ms when it
receives external interference, and overshoot is only 29%.
After inputting constant value interference, it can restore
its own state, and the steady-state error tends to 0.

3. Result Comparison

The settling time of the two methods is similar, and the h-
infinity method has a better response curve without
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overshoot. Aiming at the control stability of the large distur-
bance in the starting stage of the engine, a large-scale step
signal is used to simulate the large disturbance in the starting
stage. The state recovery curve of the control system is

trol system structure diagram.

shown in Figure 11. The recovery time of the two systems
is similar, and the h-infinite method of the recovery curve
is superior. Based on the above control effects, the h-
infinity controller is more complex in design than the ALQR
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FIGURE 10: Step response and output under disturbance.
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FicuRre 11: System response curve.

controller, and the controller order is higher. Both control
techniques used in this study are extremely robust. The h-
infinity algorithm calculates the optimum Hoo-norm to
generate a robust controller, which is then verified using
Bode diagrams and single-condition simulation. It is possi-
ble to infer that the method described in this article is stable
and efficient for the adaptive control algorithm framework.
ALQR technology is based on the LQR method and is opti-
mized for the control needs of engine command tracking.
The steady-state error of the input signal is eliminated on
the premise of ensuring its stability, and the performance
in the simulation verification of a single working situation
fulfills expectations.

4. Conclusions

A split-condition engine model is used to build a variable
parameter robust controller that can continue to function
successfully even when the operating conditions of the sys-
tem are radically changed. This is based on the complicated
operating situation of liquid rocket engines. To acquire the
proper settings for each stage of the controller, we have
embedded two various strong algorithms on this foundation.

The analysis of the simulation data reveals that both
approaches can successfully track the step signal on the lig-
uid rocket motor in steady-state without inaccuracy and
without overshooting. Even if there is a disturbance signal,

it is possible to quickly restore the system to its initial state.
While the ALQR controller is more straightforward and has
higher stability, the h-infinity controller is more robust and
responds more quickly. Due to the experimental environ-
ment’s limitations, the engine fitting model was used with-
out more detailed modeling, and physical experiment
verification has yet to be completed, making the integrity
of the discussion in this paper somewhat regrettable. Fur-
thermore, because there is currently no similar research,
the simulation results lack horizontal comparison and
analysis.

Data Availability

The simulation result data used to support the findings of
this study are included within the article.
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