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Abstract. Solid attitude control thrusters based on PWM principle are widely used in kinetic kill vehicle to
control its attitude. In this paper, a kind of solid attitude control thruster is proposed and its piston’s motion
model is established. One of the most important variables which has significant effect on the validity of the
model is aerodynamic drag of rocker arm. We did research on the aerodynamic drag by throttle theory,
numerical simulation and experiment. The results were consistent and proved to be valid by testing the

pressure in the two control chambers. The result is expected to provide reference for the calculation and test

of the aerodynamic drag and design of the solid attitude control.

1 Introduction

The solid attitude control thruster based on PWM (pulse
width modulation) principle is widely used in attitude
control system of KKV (kinetic kill vehicle). It works
under hot gas generated from the gas generator, so it has
the advantages of simply structure, good reliability and
good security, etc [1-3]. It’s installed on the afterbody of
KKYV to realize three-axis stability which is pitch, yaw
and roll [4]. The thruster receives PWM signal and
regulates average thrust by controlling the ratio of the
two nozzles’ switch time [5]. The performance of the
thruster reflects the control precision of the thruster [6,7],
so the validity of its mathematic model established is
important.

In this paper, we introduced a kind of solid attitude
control thruster which works under PWM signal. There
is a moving part in the thruster which is piston and its
reciprocal motion drives the rocker arm to open or close
the two nozzles on both sides. During the motion, the
aerodynamic drag has a significant impact on the
mathematic model of the thruster, so research on the
aerodynamic drag of the rocker arm is important and
necessary. We studied the aerodynamic drag by throttle
theory, numerical simulation and experiment. The
method and result are expected to provide reference for
the design and research on the solid attitude control
thruster.

2 Mathematic model

The solid attitude control thruster designed in this paper
is shown in Figure 1. The hot gas flows into the thruster
from the inlet and a small part goes into the control
chamber through the fixed orifices fi and f3 as control
media. The adjustable orifices f, and f; are enclosed by
the electromagnet and the outlet of the control chamber.
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As shown in Figure 1, when the adjustable orifice f; is
closed and f; is open, the pressure is increased in control
chamber 1 and decreased in control chamber 2. Then the
pressure difference is formed and increased gradually.
When it’s large enough, the piston is driven to move
right. The rocker arm is pulled to revolve around its axis
and block the Laval nozzle in the left side. Eventually,
the hot gas flows out through the right Laval nozzle to
produce thrust.
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Figure 1. Schematic of the solid attitude control thruster
The motion equation of the piston can be written as:
Mi=A(p,—p)—F, (1)

Where M, x, A, pi;, p», Fr mean the mass,
displacement, end-face area of the piston, the pressure of
the two control chambers and the equivalent drag of the
piston respectively.

It’s indicated that the equivalent resistance of the
piston F; has a significant effect on the piston’s motion
law from equation (1). The piston needs to overcome
frictional drag and aerodynamic drag in motion. The
former is generated by the relative motion between the O
ring and the inner surface of thruster’s body while the

electromagnet
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latter by the pressure difference between the two sides of
the piston during motion. Therefore, the equivalent drag
F is given as follows:

F,=F,+F, @)

Where F, is the frictional drag and F. is the
aerodynamic drag. The frictional drag is related with
working pressure, the piston’s diameter, the O ring’s
material and its decrement, lubricating, etc. The
frictional drag is difficult to be obtained by theory, so it
was studied by experiment.

The frictional drag is discovered to be much less than
the aerodynamic drag which we concentrated on. So we
did research on the aerodynamic drag by throttle theory,
numerical simulation and experiment.

3 Analysis of aerodynamic drag

3.1 Throttle theory analysis

The gas flow is complex from the inlet of the thruster to
the nozzle by passing through the space between the
rocker arm and the body’s inner surface. In order to
calculate the aerodynamic drag of the rocker arm during
motion, we assume that the gas flow status is the same
with the steady flow status under the same conditions in
every moment. The gas flow through the space between
the rocker arm and the body’s inner surface into the
nozzle can be simplified as through two throttle orifices
in series.

The throttle model of the acrodynamic drag is shown
in Figure 2. A bridge gas circuit is formed by the four
throttle orifices on the two sides. In Figure 2, the two
upper throttle orifices f; and f; are the area enclosed by
the rocker arm and the body while the lower throttle
orifices f; and f4 are the nozzle’s throat area. The symbol
qma and g are the mass flow rate of the gas flowing into
or out of the control chambers.

Figure 2. Throttle model of the aerodynamic drag
The pressure between the two throttle orifices ps is
related with the gas source pressure po and the area ratio
of the upper and lower throttle orifices. The pressure p;
can be calculated according to the equations shown in
Table 1.

Table 1. Equations of calculating the pressure ps
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In Table 2, B and C are parameters related with the
gas and calculated as follows:

[ 2k RCEE
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In equation (3), k£ and R are the specific heat ratio and
the gas constant of the gas.

The aerodynamic drag can be calculated by
converting the pressure difference on the two sides of the
rocker arm.

3.2 Numerical analysis

The flow field is analysed to calculate the aerodynamic
drag by numerical simulation. The control gas circuit has
little effect on aerodynamic drag, so computational
domain is only set up in flow field of the working
chamber around the rocker arm.

The gas’s velocity in the inlet of the thruster is low,
so the inlet condition and the outlet condition are set as
pressure inlet and pressure outlet respectively. The flow
field in the thruster is of complex shape and

The grid of the gas flow in the solid attitude control
thruster is shown in Figure 3.

Figure 3. Grid of gas flow in the thruster

Among the turbulent models, Realizable k-¢ model
corresponds with the actual model much better and its
convergence speed is faster. The simulation results are
listed here only when the piston’s placement is Omm and
0.8mm. The pressure nephogram is shown in Figure 4
when the piston’s displacement is Omm. At this time the
pressure on the two sides of the rocker arm is symmetric.
The pressure nephogram is shown in Figure 5 and 6
when the piston’s displacement is 0.8mm. Thereinto,
Figure 5 shows the pressure nephogram of the closed
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side of the rocker arm. It can be seen that a low pressure i
appeared in the middle position. Figure 6 shows the ‘ ‘
pressure nephogram of the open side of the rocker arm ® g
and the pressure is almost the same with the gas source. \
7

o 7
= .

9
5.47e+06

A
0
4.97e+06

1)
4.47e+06
3.98e+06
3.48e+06
2.98e+06
2.48e+06
1.98e+06
1.49e+06
0.88e+05

7

.

-5.06e+05
-1.00e+06

-1.50e+06
-2.00e+06 Y

-2.50e+06

Figure 4. Pressure nephogram when the piston’s displacement
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oo The results of the aecrodynamic drag obtained by throttle
hisosi o theory analysis, numerical simulation and experiment are
ascuice. listed in Table 2 and shown in Figure 9.
Figure 5. Pressure nephogram of the closed side when the Table 2. Results data of acrodynamic drag
piston’s displacement is 0.8mm Piston’s Throttle Numerical | Experimen
— displacement theory simulation t
I o -0.8 -236 -272.6 -286.4
:E:Ej: -0.6 -118.4 -131.8 -136.5
wous -0.4 -58.9 -59.1 -60.2
G -0.2 -21.3 217 23.1
ppo 0 0 0 0.3
s 3 0.2 213 217 228
3.98e+05 v
Figure 6. Pressure nephogram of the open side when the 0.4 58.9 59.1 60.7
piston’s displacement is 0.8mm 0.6 118.4 131.8 1373
3.3 Experimental analysis 0.8 236 272.6 287.1

We did experiments on the aerodynamic drag finally.
The experiment principle is shown in Figure 7. We
blocked the input of the control chamber so that no gas
can go into the control chamber. Then the force sensor
and displacement sensor were connected with the piston.
During the experiment, the position of the piston was
tested by the displacement sensor and the aerodynamic
drag was tested by the force sensor. The experiment
device is shown in Figure 8.
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Figure 9. The data of experiment, throttle theory and
numerical simulation

It’s shown that the changes of all the three groups of
data have the same trend and the results had a good
symmetry. Meanwhile, the aerodynamic drag changed
with the piston’s displacement linearly within a small
range of the displacement and had an obvious non-
linearity when the displacement increased. This is caused
by the nonlinear variation of the flow area between the
rocker arm and the body during the rocker arm’s motion.
Meanwhile, the throttle theory has a high calculation
precision within a small range of piston’s displacement
and the precision is reduced gradually when the
displacement increases. That’s because the aerodynamic
drag is mainly caused by the pressure difference between
the two sides of the rocker arm and the throttle theory
reflects the changes of the pressure on the two sides. The
result of numerical simulation is more consistent with
the experiment while it’s more complex than throttle
theory.

Finally, the piston’s motion model is calculated using
the experiment data in Table 2. The pressures in the two
control chambers are tested and compared with the
calculated result to verify the established model’s

validity. The result is shown in Figure 10.
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Figure 10. The pressure in the two control chambers

It’s demonstrated that the experimental and
calculated results were consistent which indicated that
the experimental result of the aerodynamic drag was
credible. Compared with the experimental result, the
throttle theory can be used to calculate preliminarily and
the numerical simulation can be used to do further
analysis. The result is expected to provide reference for
the design of the solid attitude control model.

5 Conclusion

In this paper, we proposed a kind of solid attitude control
thruster based on PWM principle and the piston’s motion
model was established. The aerodynamic drag of the
rocker arm had significant effect on the validity of the
model, so we did research on the aerodynamic drag by
throttle theory, numerical simulation and experiment.
The results are consistent and can be used to calculate
the established model. The results are proved to be valid
by testing the pressure in the two control chambers. The
method and the results are expected to provide
references for the design and analysis of the solid
attitude control thrusters.
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