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A hysteresis model was built to describe the backlash of the flow regulator in a solid ducted rocket, and its influence on the engine
control was also analyzed in this study. An adaptive backlash compensation method was proposed under two challenges: limited
information and backlash state variation caused by the harsh environment in the gas generator. The touch state is designed and
its observation is used to get the state of backlash, and a compensation control method using the existing information was
carried out combined with the motion intention. This method greatly shortened the time during the transition and reduced the
hysteresis effect on the control system. Furthermore, the compensation method is improved and acquires a self-learning ability,
the compensation parameter changes adaptively during the process of flow regulation, and it is able to meet the challenge of an
unknown and variable state of backlash. Finally, the validation of the compensation method was carried out with two simulations.

1. Introduction

A solid ducted rocket is a propulsion device developed based
on solid rocket and ramjet technology. They exhibit the
advantages of high specific impulse, long range, small size,
low weight, and compact structure. Hence, they are optimal
propulsion devices for new-generation aircraft [1–4]. The
gas flow control system for a solid ducted rocket is generally
designed based on the predetermined rocket trajectory in the
early days, usually realized in the form of a prefabricated pro-
pellant grain structure. Hence, the performance of a ducted
rocket decreases rapidly once the flight condition deviates
from the design condition, and consequently, the trajectory
of an aircraft using this engine becomes severely restricted.
Due to the presence of a variety of disturbances during real
flight, active control technology for gas flow regulation has
become the key focus of ducted rocket research.

Active control technology of a ducted rocket is closely
related to the flow regulation device; it is an important part
of the engine control system and plays the role of an actuator
in the control system. As an important component of a solid
ducted rocket, the development of flow regulation is a key

step to the active control of ducted rockets; considerable
research has been carried out by scholars in various fields.

A flow regulator has been designed to improve the output
performance, further broaden the operating envelope, and
give full scope to the propellant performance in reference
[5]; its intensity and inner flow field were simulated, and
the test piece was machined to finish the test. The effect on
the engine performance of a pintle valve is studied in refer-
ence [6]; through comparison, it has been found that the
presence of a pintle valve improves the uniformity of the
gas velocity, reduces the outlet velocity, contributes to the dif-
fusion of gas, and improves the premixed combustion and
performance of the ducted rocket. In reference [7], the fric-
tion generated in gas flow regulation of ducted rockets is con-
sidered, a compensation method is discussed to eliminate its
effect, and its validation is carried out by a simulation result.
The effects of valve velocity on the dynamic response charac-
teristics of a variable-flow ducted rocket motor were analyzed
by researching on the numerical simulations in reference [8],
and the results indicated that a valve velocity that is either too
low or too high is harmful to the performance enhancement
of a variable-flow ducted rocket. The valve is a unit directly
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regulating the gas flow, and in order for it to operate, it needs
to been driven by a device such as a pneumatic drive, a
hydraulic drive, or a motor drive for a flow regulator. At pres-
ent, the motor drive has the best comprehensive perfor-
mance: it is safe, reliable, and stable. Furthermore, motor
drive devices are compact in structure, which is an advantage
to system integration on an aircraft.

As a typical electromechanical system, flow regulator
devices face the challenges that are common to many other
electromechanical systems; the most typical challenge is the
backlash influence. The valve needs to be driven by the motor
and transmission mechanism, and during the transfer of
force and torque, the backlash is inevitably brought into the
process of flow regulation. There is also a lot of research on
this typical problem. The study in reference [9] is aimed at
identifying a backlash using one-dimensional modeling func-
tions that do not take account of velocity. The study in refer-
ence [10] uses a displacement sensor and a position encoder
to measure the displacement of the driving part of the
mechanical equipment, and it presents a control system for
reversing backlash by compensating for high-precision
mechanical equipment. A compensation method based on
global back-stepping sliding mode control is proposed in ref-
erence [11]; it not only compensates for the backlash in a
naval gun servo system but it also weakens the chatter of
the driving torque and the load speed during the commuta-
tion period. To achieve high precision even with transmis-
sion mechanisms, the study in reference [12] proposes a
precise joint torque control method with backlash compen-
sation by using load-side encoder information. An adaptive
fuzzy tracking control for a system with an unknown nonlin-
ear function and an unmeasurable state is carried out in ref-
erence [13]. Fuzzy logic systems are used to approximate the
unknown nonlinear functions, and a fuzzy observer is
designed to estimate the immeasurable states. An adaptive
tracking control scheme is proposed for a class of switched
nonlinear systems with state and input unmodeled dynamics
in reference [14]. In reference [15], a robust, fault-tolerant
H∞ control method for the general actuator fault and pertur-
bation compensation system is proposed.

The research above described a lot of research content
and solutions about the backlash. However, the flow regula-
tor in a ducted rocket has its particularity in the process of
backlash compensation, and it is mainly reflected in two
points. Firstly, as an important part of an aircraft, the compo-
nents of the ducted rocket have been greatly limited by space
and weight; it means that any unnecessary sensors will be
saved, and the compensation method using a high-
precision sensor in reference [10, 12] will not be suitable for
use in the flow regulator. On the other hand, if the regulation
valve is fully exposed to the harsh environment with the gas
generator as the working part, using the displacement sensor
is extremely hard. Secondly, among many flow regulation
solutions, changing the throat area of the gas generator is
the most effective and advanced one, but it is also the most
difficult one; the main challenge is to make the throttling
valve work effectively for a long time in a complex and harsh
working environment. During the process, the backlash state
will change under the influence of heat and stress, and the

changing state will also bring a challenge to the backlash
compensation control. In a word, the backlash compensation
method should be proposed considering two challenges: lim-
iting information and changing the state of backlash.

In response to the two challenges mentioned above,
touch state and its observation were carried out without add-
ing additional sensors to obtain the state of backlash in this
study. Based on the touch state observation, a new backlash
compensation method was proposed, and the hysteresis of
flow regulation has been solved effectively. And on this basis,
the compensation method can be improved and a self-
learning ability acquired; the compensation parameter will
change adaptively, and it can meet the challenge that the state
of backlash is unknown or changing during the process of
flow regulation.

The rest of this paper is organized as follows. First, the
modeling of flow regulator devices and backlash is given;
then, its influence on the system control is analyzed. Then,
the definition of touch state and its observation are carried
out, and the principle of backlash compensation method
based on the touch state is proposed. Finally, the compensa-
tion method was discussed in detail and its validation was
carried out with simulation in two cases: constant backlash
state and changing backlash state.

2. Modeling of Flow Regulator and Backlash

2.1. Designing of a Flow Regulator. The flow regulation device
is an important actuator of a ducted rocket; with the develop-
ment of a variable-flow ducted rocket, various types of throt-
tling valves have emerged. Several applicable types of
throttling valves are listed in reference [16] as is shown in
Figure 1.

In Figure 1, several types of throttling valves are shown,
including the side-inserted body, the spool valve, the guillo-
tine plate, the rotated cam, the rotative plate, and the pintle,
and they are compared in terms of the axial space required,
the throttling sensitivity and flow effects, the support com-
plexity, the external sealing complexity, and the actuation
complexity. The advantages and disadvantages of the differ-
ent types were analyzed.

For the moment, the design of a flow regulator device
needs to consider several factors based on its application
needs: spatial layout and weight constraint, thermal protec-
tion and airtightness, valve design and material selection,
actuator overload standing, risk of solid particles piling up
into a block, and processing technology and its realizability.

Based on the application needs, the type of throttling
valve designed in this paper differs from the several types
mentioned above; it is a gate valve, and its schematic is shown
in Figure 2.

The gate valve is driven in the form of rotational motion
to change the throat area and regulate the gas flow. The air-
tightness is easier to realize because of only one drive shaft
passing through the gas generator at midstage. The motion
direction of the valve is perpendicular to the load force
caused by the impact of gas flow, so the actuator does not
directly overcome the load and the mechanical load of the
system is smaller. The structure of the whole regulating
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system is simple and compact, and it occupies a small space.
However, the whole gate valve and part of the driveshaft are
exposed to the gas flow with high temperature and high
speed, and the thermal load and ablation are a severe chal-

lenge. The mechanical interface of the valve and the drive-
shaft is also exposed in such a harsh environment, and it
will have an effect on gas flow regulation; the details are dis-
cussed in Subsections 2.2 and 2.3.

The relation between the valve angle and the throat area
is shown in Figure 3, and the throat area increases with the
valve angle monotonically.

2.2. Modeling of Backlash. In a general electromechanical sys-
tem, the active unit is often not the drive unit. Transmission
devices are required to transfer the driving forces and torque,
and in the process of transfer, the backlash is brought into the
flow regulation system more or less. There are various exist-
ing forms of backlash in a gas generator: clearance of assem-
bly accuracy, designing backlash for thermal expansion,
backlash in the motor, backlash of stress, and so on. In a
word, backlash exists in different units with different causes,
and it is complicated to describe the backlash in a gas
generator.

For ease of description and analysis, the regulation
devices are unified into a whole system, taking the motor
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Spool valve Rotative plate
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Figure 1: Several application types of the throttling valves.
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Figure 2: Schematic of the flow regulator using a gate valve.
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angle command as an input and valve angle as the output.
The difference between the input and the output is defined
as the backlash of the gas generator system, and the size of
the backlash is described by the symbol σ.

There are many nonlinear modeling methods for back-
lash, like the dead zone model, the hysteretic model, vibra-
tion, and the impulse model [17, 18]. In the chapter below,
the hysteretic model is used to describe and analyze the back-
lash in the gas generator. The input motor angle is defined as
θM , and the output valve angle is defined as θV . Due to the
backlash in the system, the input and output will not be con-
sistent during the regulation process, and their relationship is
shown in Figure 4.

Suppose that the backlash is half in both sides at the ini-
tial time when the motor is moving in the positive direction:
the valve will not move at the beginning; it corresponds to
segment OB in the diagram. As the motor continues to move,
the backlash decreases in the motion direction, the mechan-
ical face will touch, and the valve begins to move; the process
corresponds to segment BC in the diagram. When the motor
changes the moving direction to negative, the valve will not
change to negative at once; the mechanical face should touch
again in the negative direction to transfer the driving torque,
and it corresponds to segment CD in the diagram. When the
mechanical interface touches again, the valve begins to move
to negative; it corresponds to segment DF in the diagram.
The mathematical description of the relation above can be
written as follows:

θV =
m θm tð Þ − σ/2½ �, _θv tð Þ > 0 ∩ θv t−ð Þ =m θm t−ð Þ − σ/2½ �,
θm t−ð Þ, otherwise,

m θm tð Þ + σ/2½ �, _θv tð Þ < 0 ∩ θv t−ð Þ =m θm t−ð Þ + σ/2½ �,

8
>><

>>:

ð1Þ

where t− is the state in the last time moment,m is the propor-
tionality coefficient of θM and θV , it is also the slope of the
oblique line AC and DF in Figure 4, and the value of m is
equal to 1 in the gas generator.

There is an assumption for this hysteresis model: when
the backlash is in the hold stage CD and FA, the output of
the driven part (valve) can keep constant, and its underlying
cause is that there is an existing large damping or load in the
driven part to keep the valve still during the hold stage. The
load characteristics for the flow regulator of a solid ducted
rocket are discussed in reference [19]. It is obvious that the
valve has a large system load and working load to keep it still
during the hold stage; in other words, the assumption for the
hysteresis model stands.

2.3. Influence on the System Control. Backlash is a ubiquitous
phenomenon in an electromechanical system, and its influ-
ence on gas flow regulation and system control can be
described in Figure 5.

The mechanical clearance between the motor and the
valve must be eliminated in the motion direction to move
the valve. When the motion direction changes, the mechani-
cal clearance must be eliminated again. The process of elim-
ination causes the response hysteresis of the valve angle; in
view of the system control, it will cause the hysteresis of gas
flow, and the influence is shown with a simulation result in
Figure 6.
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The simulation case compares the underdamped closed-
loop system response results in ideal conditions and backlash
conditions. At the beginning of regulation, the response of
the backlash case will have a little hysteresis as shown in
Figure 6 (t = 1 s), and it corresponds to segment OB in
Figure 4. After that, when an overshoot happens (t = 2 s),
the response of the ideal case will turn back to the steady state
at once. However, the backlash cases will remain at the over-
shoot state for a while (t = 2:2 ~ 3:4 s), and the process of
maintenance corresponds to segment CD in Figure 4.

In a general way, an underdamped closed-loop system
responds faster than an overdamped system for the same
plant. However, the underdamped system cannot achieve
the ideal adjustment effect in Figure 6, due to the nonlinear
part generated by the backlash, and this phenomenon intro-
duces a delay to the control system and increases the adjust-

ment time. In response, some control systems will be
designed as an underdamped system to avoid the hysteresis
when the overshoot happens. However, an underdamped
system will decrease the response speed and will not be able
to solve the hysteresis fundamentally; the hold stage CD
and FA must go through when the demand gas flow turns
to an opposite trend and the hysteresis cannot be avoided
in these cases. A more effective method should be explored
to fundamentally solve the hysteresis caused by the backlash.

3. Touch State and Backlash
Compensation Principle

3.1. Touch State. The influence of a backlash on gas flow reg-
ulation and system control is described in Section 2.3 because
of a nonlinear hysteresis element in the system. A linear
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method can hardly meet the challenge of a backlash, and so,
here we analyze a nonlinear compensation method. From the
influence principle of a backlash, the key point of the back-
lash compensation method lies in the state observation of a
backlash, which includes the size of the backlash and its exist-
ing direction.

According to the demand above, the backlash can be
divided into three states, and it is defined as the touch state
T f to describe the state of a backlash:

T f =
−1, negative touch,
0, transition,
1, positive touch:

8
>><

>>:
ð2Þ

Firstly, we defined the positive direction of the motor as
the positive direction of the touch state; when the mechanical
face of the motor touches the mechanical face of the valve in a
positive direction, this state is defined as positive touch and it
is shown in the right part of Figure 7. When the two
mechanical faces touch in the negative direction, this state
is defined as the negative touch and it is shown in the left
part of Figure 7. If the two mechanical faces do not touch
at any side, it is defined as the transition state and is shown
in the middle part of Figure 7; it is obvious that the transi-
tion state is the major cause of the response hysteresis in
the flow regulation.

The definition of the touch state can be used to estimate
the state of the backlash, including the existing direction of
the backlash, and whether the mechanical face touches or
not, it can provide significant information for the backlash
compensation.

3.2. Touch State Update. The touch state can be used to eval-
uate the backlash, and its update law is the key to observe the
backlash state and apply it to real-time control. The two
update rules of the touch state are analyzed in the following
text.

As is analyzed above, when the touch state is not a tran-
sition state, the touch state will only change when the motor
changes its motion direction; the same direction of motion or
remaining motionless will not change the touch state. Thus, it
can be seen that the motion intention is a decision condition
for the update of the touch state, and the motion intention

Mf can be defined based on the motor command or the con-
troller command:

Mf =
−1, θc tð Þ − θc t

−ð Þ < 0,
0, θc tð Þ − θc t

−ð Þ = 0,
1, θc tð Þ − θc t

−ð Þ > 0,

8
>><

>>:
ð3Þ

where θc (t−) is the controller command at the last time
moment.

In a real control system, the response speed of an actuator
cannot be infinitely high; in other words, when the touch
state changes, a negative touch state cannot switch to a posi-
tive touch state directly, and a transition state is a necessary
process between the two states.

Based on the description above, a positive motion inten-
tion will change a negative touch state into a transition state;
then, it will change into a positive touch state if the positive
motion intention is kept. Similarly, a negative motion inten-
tion will change a positive touch state into a transition state;
then, it will change into a negative touch state if the negative
motion intention is kept. That is the first rule of the touch
state update.

A positive or negative touch state that changes into a
transition state can be determined by the motion intention;
however, in order to confirm when a transition state changes
into a positive or negative touch state, we need other infor-
mation. As shown in Figure 3, the throat area increases with
the increase of the valve angle. According to the working
principle of a chocked ducted rocket, the pressure of a gas
generator will decrease with the increase of the throat area;
that is to say, the motion of a valve angle will be reflected in
the change of the pressure, and its rule is clear. The gate valve
in the gas generator is an active part to regulate the gas flow
by changing the pressure. If the pressure is changing from a
stable state, it is certain that the valve is driven by the motor
and the two mechanical faces touch one side; in other words,
the touch state of a backlash cannot be the transition state in
these cases, and whether it is a positive touch state or a neg-
ative touch state depends on whether the pressure decreases
or increases. That is the second rule of the touch state update.

The two update rules of a touch state can be summarized
by a diagrammatic representation in Figure 8.

It is a sufficient but not a necessary condition to deduce
the touch state from the change of pressure in the previous
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Motor

Valve

Motor

Valve

Motor

Figure 7: Schematic of backlash touch state.
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description; it means that the change of pressure can be used
to deduce the touch state, but it is not enough in return. The
second rule of the touch state update used only the first half
deduction, and it is strictly logical.

Based on the theoretical analysis above, the mathemat-
ical description of the touch state update can be written as
follows:

T f tð Þ =
−1, T f t−ð Þ = 0 ∩ Pg tð Þ − Pg t−ð Þ > 0,

0, T f t−ð Þ = −1 ∩Mf tð Þ = 1
� �

∪ T f t−ð Þ = 1 ∩Mf tð Þ = −1
� �

1, T f t−ð Þ = 0 ∩ Pg tð Þ − Pg t−ð Þ < 0,
,

8
>><

>>:

ð4Þ

where T f ðt−Þ and Pgðt−Þ are the touch state and gas gen-
erator pressure at the last time moment, respectively, and
Mf ðtÞ is the motion intention defined in equation (3);
the touch state of a backlash can be observed in real time
and a simulation result is proposed in Figure 9.

From the simulation results above, the transition touch
state (T f = 0) is consistent with the hysteresis stage of
response on the timeline. In essence, the hysteresis is the
motor motion that has not been transferred to the valve
due to the backlash, and the hysteresis will not end until
the backlash is eliminated in the motion direction. For a con-

stant backlash, the duration time of the hysteresis stage is
related to the regulation speed: the faster the motor motion
is, the earlier the hysteresis will end. The gas generator is a
typical variation parameter system; an adaptive controller
will change the controller parameter according to the sys-
tem state, and a bigger controller parameter will end the
hysteresis faster if the system does not consider the back-
lash during its controller design. On the other hand, the
backlash influence will expand in some conditions. This
also explains why the duration of a transition touch state
is not the same as the whole regulation process as shown
in Figure 9.
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Figure 8: Schematic of a backlash touch state update.
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3.3. Principle of Backlash Compensation. The transition touch
state is the root cause of the hysteresis. If the negative touch
state can switch to a positive touch state as soon as possible,
the duration time of hysteresis can be greatly reduced; so
does the influence of backlash. Using the touch state observa-
tion, we observe the moment it is clear that the negative
touch state changes to the transition state, and the feedback
circuit can be improved by adding a compensation angle at
that moment to accelerate the process of transition.

For example, when a negative touch state (T f = −1) is
changing into a positive touch state (T f = 1) under the action
of the control system, a compensation angle Δb will help the
touch state skip the transition state as soon as possible. And
the compensation angle Δb is equal to the size of the backlash
that is defined in Section 2.2 The process that the positive
touch state (T f = 1) changes into a negative touch state
(T f = −1) can be accelerated in the same way, and the back-
lash compensation principle can be summarized by a dia-
grammatic representation shown in Figure 10.

The backlash compensation of a backlash can be sepa-
rated into three steps: firstly, get the latest state of motion
intention and touch state in every control period. Then, the
compensation decision must be made according to the two
states in step one. Finally, if the decision above is a “yes,” a
compensation angle will be added in the control loop to skip
the transition state of the backlash; otherwise, the compensa-
tion will not step in. The three-step process is shown in
Figure 11.

4. Backlash Compensation Method
and Verification

Here, we propose the backlash compensation method and its
verification, and it is carried out under two situations,
namely, that the size of the backlash is known and yet
unknown.

4.1. A Constant Backlash Compensation Method. The back-
lash compensation control method is an upgrade based on
an integral controller, and the control law of the original inte-
gral controller in a discrete format can be written as follows:

θc kð Þ = θc k − 1ð Þ + KI Pg0, V0
� �

⋅ dT ⋅ dPg, ð5Þ

where KIðPg0, V0Þ is the controller parameter which varies
with the pressure and free volume of the gas generator, dT
is the discrete-time intervals, dPg is the difference of the
pressure command and feedback. The new control law
adding backlash compensation function can be written as
follows:

θc kð Þ = θc k − 1ð Þ + KI Pg0, V0
� �

⋅ dT ⋅ dPg + Δb, ð6Þ
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where Δb is the backlash compensation value, and its def-
inition is as follows:

Δb =
−σ, T f k − 1ð Þ = 1 ∩ T f kð Þ = 0,
σ, T f k − 1ð Þ = −1 ∩ T f kð Þ = 0,
0, otherwise:

8
>><

>>:
ð7Þ

The backlash compensation value is equal to the size
of the backlash when the compensation is needed. The
cases include negative touch state change into a transition
state and positive touch state change into a transition
state; otherwise, the compensation value is zero. Suppose
that the size of the backlash is known and constant during
the regulation; there are many ways to measure the size of
a backlash before the rocket works. The simulation result
with a known backlash is carried out in Figure 12, and
the size of a backlash is set as σ = 1 degree.

According to the compared result of the backlash com-
pensation method and the original control method, the back-
lash compensation method can indeed accelerate the
response, and the hysteresis caused by the backlash is elimi-
nated. The compared result of the touch state is also shown
in Figure 13.

The touch state observation result of the compensation
method is different from the original control method. Its dif-
ference lies in the transition state: the duration time of the
transition state in the compensation case is extremely short,
and the transfer from the positive touch state to the negative
touch state is smooth and anhysteretic; so does the transfer
from the negative touch state to the positive touch state.

The inconsistent valve angle and motor angle are the root
causes of response hysteresis, and the motor angle and valve
angle are compared in Figure 14.

The valve and motor angles of the original control
method are shown in Figure 14(a). At the transition state
(time: 7:5 s ~ 7:8 s), the motion of the motor did not transfer

to the valve, and it keeps still. However, at the same regula-
tion situation for the backlash compensation method, a com-
pensation angle was added at that moment, and the valve
moved with the motion of the motor without any hysteresis,
as shown in Figure 14(b). The situation above is a negative
touch state that transfers to a positive touch state, and the sit-
uation that a positive touch state transfers to a negative touch
state are also shown in Figure 14 at time 10 s; the principle is
the same.

4.2. An Adaptive Backlash Compensation Method. In a real
working process of a ducted rocket, the size of a backlash is
not constant; it will change under the influence of heat and
stress as the gas generator is working, and the compensation
method for a constant and known backlash that is proposed
in Section 4.1 will not suitable for this situation.

An adaptive compensation method is proposed and is
aimed at the variation of the backlash. It is upgraded based
on the constant compensation method; its advancement is
embodied in the adaptive law of the compensation angle.
The format of the control law is the same as the constant
compensation method:

θc kð Þ = θc k − 1ð Þ + KI Pg0, V0
� �

⋅ dT ⋅ dPg + Δb, ð8Þ

where Δb is the backlash compensation value, and its defini-
tion is as follows:

Δb =
−σr , T f t−ð Þ = 1 ∩ T f tð Þ = 0,
σr , T f t−ð Þ = −1 ∩ T f tð Þ = 0,
0, otherwise,

8
>><

>>:
ð9Þ

where σr is not a constant valve as σ in equation (7). The
compensation value will adjust according to the response
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Figure 14: Result of motor angle and valve angle by a constant compensation method.
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hysteresis during the regulation, and the adaptive law of
compensation value is designed as follows:

σr kð Þ = σr k − 1ð Þ + KI Pg0, V0
� �

⋅ dT ⋅ dPg

�� �� ⋅ 1 − T f kð Þ�� ��� �
:

ð10Þ

The controller output during the transition is the differ-
ence between the actual size of the backlash and the present
compensation value. Then, the controller output during the
transition state will be recorded and accumulated into the
compensation value to eliminate the difference, and the
new compensation value will be applied in the next touch
state transfer.

A simulation was carried out to verify the adaptive
method: suppose the size of backlash was not measured and
is unknown before the system works, and suppose the size
of backlash will expand under the influence of heat and
stress. The simulation initialization sets the size of the back-
lash at 1 degree, and it will expand to 2 degrees at time 12 s.
Figure 15 shows the results.

The first regulation is at time 2.5 s. Because the size of the
backlash is unknown before the system works, the responses
of the compensation method and the original method are the
same at the first time, but the adaptive compensation method
is at a learning state to get the size of the backlash at this time.
When it comes to the second regulation, the time is at 5 s. The
difference between the compensation method and the
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Figure 16: Simulation result of backlash compensation in an
adaptive case (part I blowup).
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Figure 17: Simulation results of backlash compensation in an
adaptive case (part II blowup).
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Figure 15: Simulation results of backlash compensation in an
adaptive case.
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Figure 18: Result of the motor angle and the valve angle by an
adaptive compensation method.
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original method emerges, and the compensation method
response with no hysteresis is shown in Figure 16.

The expansion of the backlash is set at the time 12 s in the
simulation. Before the expansion, the regulation result of the
compensation method is good, but the response hysteresis
reappears at the next regulation at time 12.5 s due to backlash
expansion. At that time, the difference of the backlash is
recorded by the method, the adjustment of compensation
angle is made, and the hysteresis is eliminated again at time
15 s, as shown in Figure 17.

A comparison of the result of the compensation method
and the original method is also shown in the difference of
the motor angle and the valve angle in Figure 18.

The compensation method is in a learning state, and the
valve angle has hysteresis at time 2.5 s. The compensation
angle can be seen in the following regulation, the backlash
was compensated by the added motor angle, and the valve
can move without hysteresis. After the backlash expansion
happens at time 12.5 s, the compensation angle that adjusted
by the previous regulation is not enough, and the hysteresis
reappears, although a compensation angle is added to the
motion of the motor. However, in the following regulation,
after the adjustment, a bigger compensation angle is added,
and the hysteresis of the valve is eliminated.

From the results above, the adaptive backlash compensa-
tion method can deal with the influence of the backlash very
well, especially in situations where the size of the backlash is
unknown and is changing while being regulated.

5. Conclusions

A research of the backlash of the flow regulator in a solid
ducted rocket was carried out in this paper, a hysteresis
model was built to describe the backlash, and its influence
on the engine control was analyzed. An adaptive backlash
compensation method was proposed under the challenge of
limited information caused by the limit of the sensor in an
aircraft and the challenge of backlash state variation caused
by the harsh environment in the gas generator. The touch
state of a backlash is designed, and its observation using
existing information is carried out to get the state of the back-
lash, including its size and existing direction. Then, a com-
pensation control method combined with the motion
intention is proposed. This method greatly shortened the
time during the transition and reduced the hysteresis effect
on the engine control system. Furthermore, the method
keeps improving, as the compensation parameter can change
adaptively according to the response deviation during the
process of flow regulation, and it can meet the challenge
where the state of the backlash is unknown or variable.
Finally, the validation of the adaptive backlash compensation
method was carried out with two simulations.

The compensation method in this work will hopefully
solve the backlash problem in a real ducted rocket, but fur-
ther work is needed to improve this method. In order to
prove the robustness of this method, further work needs to
be done, and reliable hardware in a loop simulation is needed
before applying it to a real ducted rocket test. To extend the

application of this method, different types of the throttling
valve can be attempted in further research.
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