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The load characteristics for the flow regulator of a solid ducted rocket are discussed in this paper. The mechanism and the influence
factor of the load in the flow regulator were studied both theoretically and experimentally, and the system load and the working load
were divided according to the mechanism. Additionally, the load influence on the working quality of the flow regulator and the
ducted rocket were analyzed. System modeling of the flow regulator was carried out based on the working mechanism of the gas
generator and the Stribeck friction model, and models of the actuator, gas generator, and load were built. Furthermore,
considering the identification of the model parameters and the inapplicability of the conventional Stribeck identification method
to the flow regulator, a new Stribeck model parameter identification method was proposed. A sine wave was used as the signal
source, and specially designed devices were used to accomplish the switch of the working condition. Through the use of the
genetic algorithm, the rotational inertia and parameters of the system load and working load were identified by stages. Finally,

the validation of the identification method was carried out with a simulation.

1. Introduction

A solid ducted rocket is a propulsion device developed
based on solid rocket and ramjet technology, possessing
the advantages of high specific impulse, long range, small
size, low weight, compact structure, and so on. It is an opti-
mal propulsion device for the new generation of aircraft in
aerospace [1-4].

The gas flow is designed based on the predetermined tra-
jectory for a solid ducted rocket in the early stage, usually
realized in the form of a prefabricated propellant grain struc-
ture or a burning rate preconfiguration because an active reg-
ulator cannot be used in this form. The trajectory of the
aircraft using this engine will be restricted severely due to
the reason above, and the performance of the ducted rocket
will decrease rapidly once the flight condition deviates from
the design condition. Due to the existence of a variety of dis-
turbances during a real flight and the increasing complexity
of flight missions, the active control technology of flow regu-
lation has become the key focus of ducted rocket research.

Generally, a pressure sensitive propellant is used in a
choked solid ducted rocket. The flow production rate can
be adjusted by changing the nozzle throat area using a regu-
lator valve. This is one of the most powerful regulation
methods at present. However, the working environment of
a flow regulator device is extremely harsh, and the problems
of thermal protection, gas tightness, valve fit in the throat,
solid sediment clogging, actuator loads, and so on need to
be solved urgently.

The actuator load is the primary factor that influences the
control effect of flow regulation. As a typical mechanical
servo system, friction is the primary reason that causes the
load in a flow regulator. Friction is a complicated physical
phenomenon with nonlinear and uncertain characteristics,
and it leads to steady state errors, stick slips, limit cycles,
and other phenomena that degrade the performance of a
servo system, especially in the low speed range of a servo
system [5].

In-depth research has been carried out by scholars in var-
ious fields in order to understand the friction phenomenon
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correctly. Previous research achievements regarding friction
can be summarized as belonging to the following categories:
static friction, Coulomb friction, viscous friction, Stribeck
effect, frictional memory, and stick slip motion [6-9]. The
modeling of friction plays an important role in analyzing
and solving the phenomenon caused by friction, and static
modeling and dynamic modeling are divided according to
whether a differential equation is used to model the friction.
Among these models, the Stribeck model is a typical static
model. It was proposed by the scholar Stribeck on the basis
of previous studies and his own experiments, and it describes
four lubrication stages that a system goes through at low
speed: static friction, boundary lubrication, partial fluid
lubrication, and full fluid lubrication. A Stribeck friction
model is proposed with four parameters. Another typical
dynamic model called the LuGre friction model was used
by the scholar Canudas [10]. The bristle model is used to
describe friction; it contains four static parameters that are
the same as those of the Stribeck model and two other
dynamic parameters. It can accurately explain phenomena
such as frictional memory, varying static friction, and
presliding displacement.

For different friction models, the more parameters they
possess, the more accurate the models will be, but the more
difficult the parameter identification will be. To solve the
problem related to friction, choosing a suitable model and
identifying the method according to the system features is
critical. Tan et al. proposed a LuGre model identification
method based on the analysis of the steady state error [11].
The tracking accuracy of the servo system could be improved
through friction compensation based on the proposed model.
The recursive equations of the LuGre model were solved, and
the problem of effectively detecting mane microdisplacement
was discussed by Guo et al. [12]. Shao proposed a new mod-
ified LuGre model suited to a high-speed mechanical system
with friction as well as an improved artificial fish swarm algo-
rithm (IAFSA) method that introduced the chaotic search
and Gauss mutation operators into a traditional artificial fish
swarm algorithm in order to identify the parameters in the
proposed modified LuGre friction model [13]. The angular
speed over the zero phenomenon occurring in the angular
speed free reduction was used to acquire the microdisplace-
ment of the mane in reference [14]. The Stribeck curve was
plotted according to the velocity and friction, and then a
genetic algorithm was used to acquire the model parameter
basis on the Stribeck curve in reference [15].

The load characteristics of a flow regulator have a pro-
found influence on the working quality of a ducted rocket.
However, as far as can be determined, the friction and the
load it brings to the flow regulator have rarely been studied
except in reference [16], where the friction generated in the
gas flow regulation of ducted rockets was considered, and a
compensation method was proposed and proved with a
simulation result. However, this method only considered
the viscous friction without taking other friction forces into
account, and the mechanism and characteristics of the fric-
tion in the flow regulator were not discussed in detail. The
way the fuel inject into the combustor in solid ducted rocket
is one of the maximum differences in comparison with liquid
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FIGURE 1: Schematics of the gas generator and the flow regulator.

ramjets [17, 18] that makes the load characteristics carried
out in this paper can only be applied to solid ducted rocket.

To make up for the deficiencies discussed above, research
on the load in the flow regulator during the working process
of a ducted rocket was carried out in this study. The influ-
ences of the load on the working quality of the flow regulator
and the ducted rocket were analyzed, and the load model of
the flow regulator was built. This laid a foundation for the
research on the ducted rocket control.

The rest of this paper is organized as follows. First, the
characteristics of the load in a flow regulator and the influ-
ence factors are given. Then, the load model of a gas gen-
erator is built. Finally, a new parameter identification
method for the Stribeck model is proposed and verified in
a simulation case.

2. Analysis of the Load Characteristics in a
Flow Regulator

2.1. Definition of a Flow Regulator. The flow regulator dis-
cussed in this paper regulates gas flow with a gate valve,
which is a valve placed above the throat that changes the
throat area by rotational motion and that has a good trans-
mission performance, gas tightness, adiabaticity, and a com-
pact structure. However, the valve is under a heavy impact
load due to the high-speed gas flow working environment,
so it will inevitably influence the performance of flow regula-
tion and ducted rocket control. The compositions of the gas
generator and the flow regulator are shown in Figure 1. It is
important to research the load characteristics of a flow regu-
lator because the flow regulator benefits the control of a
ducted rocket and the completion of a flight mission.

2.2. Load Mechanism and Factors. DC motors are widely
used as the actuators in flow regulator devices to complete
gas flow regulation because they are simple and reliable,
possessing the advantages of good manufacturability and
convenience of use and maintenance, and they can easily
accomplish the energy management of an aircraft. A motor
needs to include a reducer, a transmission system, and other
mechanical devices to convert the motor rotation into the
movement of a valve. This process inevitably produces fric-
tion. As shown in Figure 2, when the flow regulator followed
a low speed ramp signal in a nonworking condition, the sys-
tem exhibited a stick slip and steady state error phenomenon.
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F1GURE 3: Platform of the gas generator and schematic of the impact area.

This shows that the flow regulator device had the friction tor-
que that exists in most mechanical devices when a gas gener-
ator is in a nonworking condition. This type of friction is only
related to the mechanical structure, and it is not affected by
the working state of the gas generator; it is defined as the
system load of the flow regulator in this paper.

However, when a gas generator is working, high-speed
gas flow is generated in the gas generator, and this flow
enters the second combustor through the valve. This will
produce a huge impact load to the valve, making the valve
encounter the bottom of the gas generator. Contact pressure
also exists, which produces friction torque that impedes the
valve movement; this is the main part of the flow regulator
load, and it is defined as the working load of the flow regu-
lator in this paper.

As shown in reference [19], the friction in the contact
surface is related to the contact pressure, and the contact
pressure between the valve and the gas generator bottom
is related to the pressure of the gas generator, the pressure

of the second combustor, the impact area, and other
influence factors.

In the ducted rocket ground experiment, the valve was a
rectangular gate valve with a circular flow hole and the circu-
lar hole was the minimum throat area of the gas generator
when the valve was at the position of 0 degrees. As shown
in Figure 3, the maximum throat was equal to the sum of
the effective throat area and the impacted area.

The gas generator and regulator geometry parameters in
Figure 3 are as follows: the minimum diameter d =25 mm,
the maximum diameter D=40mm, the valve width
b=54mm, and the diameter of the gas generator
D, =350mm, which is also the diameter of the propellant.
The curve of the impacted area and effective throat area
versus the valve angle can be obtained according to the
parameter above.

The regulator valve was turned from 0 degrees to 30
degrees at a velocity of 50 degrees/s when the pressure of
the gas generator was in a stable state. In this process, the
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FIGURE 4: Motor current decrease with the decrease of the pressure and the impact area.

effective throat area increased with the decrease of the
impacted area. Otherwise, the pressure of the gas generator
decreased with the decrease of the choked level, which was
caused by the increase of the effective throat.

Because of the direct relationship between the motor
current and the output torque, when the valve was moving
at an approximately uniform speed, the load torque could
be determined from the motor current. In the experiment
above, the motor current and the pressure of the gas genera-
tor were measured and the impacted area was calculated by
the motor angle. Later, the curve in Figure 4 was obtained.
The results of the experiment show that the motor current
decreased with the decrease of the impacted area and the
pressure of the gas generator.

The results above qualitatively verified that the working
load was related not only to the characteristics of the contact
surface but also to the impacted area and the pressure of the
gas generator. The impacted area and the pressure of the gas
generator were also affected by the control process of flow
regulation. In addition, the working load of the flow regulator
had a direct influence on the process of control, which means
there was a coupling relationship between the working load
and the control process.

In conclusion, the load of a flow regulator can be divided
into two parts: the system load and the working load. Both of
the loads possess the same complexity, nonlinearity, and
uncertainty characteristics as the friction. In addition, a cou-
pling relationship with the control process exists. The friction
characteristics of the loads bring stick slips, steady state
errors, and other phenomena to the system that will cause
an unsatisfactory signal follow result and the increase of con-
trol error. The thrust control and the flight mission will also
be affected. Furthermore, if the control strategy in the aircraft
does not handle the load well, the power consumption of the
flow regulator will increase rapidly, the energy onboard will
be severely depleted, and the working time of the flow regu-
lator will be greatly reduced. At the same time, other electri-
cal equipment onboard will be affected if the centralized
power supply is used in the aircraft, which will lead to a fail-
ure of the flight mission. To solve the various problems that

the load of the flow regulator brings, research on the load
must be carried out.

3. Load Modeling of the Flow Regulator

According to the analysis of the load mechanism in the last
section and the system loop of the flow regulator, the system
block of the flow regulator control system including the load
model is shown in Figure 5.

The modeling processes of the DC motor, gas generator,
and load are discussed below in detail.

3.1. Modeling of the DC Motor. According to the schematic of
the DC motor in a flow regulator, which is shown in Figure 6,
and taking the friction and the load characteristics into
account, the rotation dynamics equation of a flow regulator
can be built as shown in

ﬂ_

Rly+ Ly —t =U, - K0,

dao
I =Kulo= My =M.
According to the mathematical model above, the system
block of the motor, including the system and the working
load, can be built as shown in Figure 7.

3.2. Modeling of the Gas Generator. Several assumptions were
set as follows before the model of the gas generator was built:

(1) The solid propellant was end burning, and the burn-
ing area remained unchanged

(2) The gas parameters were the same in every area of the
gas generator

(3) The gas obeyed the ideal gas state equation

(4) The gas temperature in the gas generator remained
unchanged
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A

FIGURE 6: Schematic of the DC motor in a flow regulator.

(5) The burning rate was the same in every section of the
burning area

The converting rate of solid propellant is given as

m, = pyAyr = pyA,ap,". (2)

The gas flow rate through the valve is given as

:pgAt

=L ()

7]
r

According to the conservation of mass, the converting
rate of solid propellant is equal to the sum of the gas flow
rate through the valve and the mass rate of the gas in the
free volume:

The free volume is defined as the volume between the
burning area and the throat, so the free volume of a gas

generator can be written as V(¢) =V, + j(t)Abr - dt.

According to equations (2) and (3), and the ideal gas state
equation

equation (4) can be rewritten as

pgAt +

0 v dp p
pyAvap,” = C e

R,T, dt

Additionally, equation (6) can be written in the follow-
ing form:

vV by
R,T, dt

(Pb - Pg)Abann - pé‘t : (7)

Due to the large difference between the density of a
gas and a solid, p,>>p , equation (7) can be simplified as

dp, R,T PA,
9 _T9%g n_*Fg
pr v (PbAban C ) (8)

From the equations above, it is obvious that the pres-
sure of the gas generator p, is a function of the throat
area A,, and A, is a function of the controlled quantity,
the valve angle 0,. The propellant parameters in this paper
are as follows: propellant density p, = 1630 kg/m?, propellant
area A, = mDp?/4, burning rate coefficient a = 6.3, and pres-
sure exponent of burning rate n =0.53.

3.3. Modeling of the Load. Before building the load model of
the gas generator, the following assumptions were made:

(1) The impact of the high-speed flow was concentrated
at a point on the valve
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(2) The impact force Fp was equal to the product of
the impacted area A, and the pressure difference
between the gas generator and the second combus-

tor pg _pCO

(3) There was a touch spot between the valve and the
bottom of the gas generator, as shown in Figure 8

(4) There was no gap between the touch spot and the
bottom of the gas generator in the nonworking
condition, and the valve did not deform under
the impact load

(5) There was no mechanical clearance in the flow regu-
lator, and the motor angle 6 and the valve angle 0,
satisfied the equation 6 =1i-0,

(6) The combustion products of the solid propellant
inevitably contain solid particles, such as metallic
oxide; however, it takes a very small mass part of
the combustion products; in addition, it is always in
a low speed compared to the gaseous product. It
means the solid products have low momentum, and
the impact force due to the solid products can be
ignored in assumption

As discussed above, the load torque of the flow regulator
was divided into two parts: the system load torque M, and
the working load torque M; .

The system load torque was composed of the friction tor-
que, and the friction model could be built based on the Stri-
beck model. The mathematical description of the system
load torque is

M; =sgn (w,) (MC + (M, - Mc)ef(“”/w-‘f)m) to,w,. (9)

20
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FiGURE 9: The flow regulator could not easily achieve uniform
motion due to the stick slip.

According to the assumptions and the analysis above, the
impact force can be written as

Ep=(py(6,1) =P ) - Al6,), (10)

where the impacted area A, is a function of the valve angle 0,.

The force analysis of the impact force and the supporting
force is shown in Figure 8. The supporting force is equal to
the contact pressure, and it can be written as follows accord-
ing to the static equilibrium equation:

!
-
[
o
ae]
iy

(11)

According to reference [19], which presented research on
the load and the Stribeck model, we could build an extended
Stribeck friction model to describe the working load torque.
Its mathematical description is given as

(12)

ML = L2 : FL ' mL(#c’ He Wsp» ”2)’

my = (pe+ (pg = p) - e @0 4y, w,).
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Substituting equations (10) and (11) into equation (12),
equation (12) can be rewritten as

M, = (pg(er’ t) _Pco) fA(Gr) Ly
_(wr/wsL)z

(13)

Ayt (U —u) e + Uy w, ).
( )

Equations (9) and (13) are the mathematical descriptions
of the system load and working load for the flow regulator.
The next step of modeling is the identification of the model
parameter.

4. Model Parameter Identification

For the parameter identification of the Stribeck friction
model, the widely used method involves measuring the fric-
tion torque and the velocity when the system is moving at a
uniform speed. Then, a Stribeck curve can be plotted using
a system identification method on the curve, and the param-
eters of the Stribeck model can be acquired.

Furthermore, the primary factors for using the method
above are a uniform motion mode and a speed control
loop in the system, usually used in high-precision electro-
mechanical devices. However, the research object in this
paper does not possess the two factors above since the
devices are used in the onboard and position motion
modes often enough to achieve flow regulation. Therefore,
the uniform motion mode and the speed control loop were
unnecessary and would bring complexity and unreliability
to the system used in aerospace. However, using a position
motion mode to follow a uniform motion command was
difficult to achieve due to the disturbance of friction, so
plotting the Stribeck curve and identifying the parameter
was almost impossible in this case. As shown in Figure 9,
due to the stick slip phenomenon brought by friction, uni-
form motion was difficult to achieve using the motor in the
flow regulator.

4.1. Identification Method. The identification method based
on uniform motion used a special form to simplify the prob-

4
System load Working load Frl [Constant
M (M, M, w,,0,) FpLymy (u, p, wy ph) impact
& 9 4l [1]¢
Controller > =
S
4

FIGURE 11: Simulation model of the flow regulator.

lem. For uniform motion, the rotation dynamic function in
equation (1) can be simplified as

Jio=My - My(w) =0. (14)

There are two benefits to this special form. First, the fric-
tion torque that is difficult to measure is equal to the motor
torque that is easy to estimate from the motor current. Sec-
ond, the rotational inertia that is difficult to obtain in a com-
plicated electromechanical system is not used in this function.

In fact, the special form of the rotation dynamic function
can be used to identify the parameter in equation (14) when
uniform motion is difficult to achieve. Further, the general
form of the rotation dynamic function can be used, and the
rotational inertia can be taken as an unknown parameter to
be identified with the friction model parameter. Due to the
basics of the general functions of the dynamics, this method
does not rely on the forms of motion. However, the change
range of the velocity should cover the common-use range
of the system in order to acquire the appropriate sample data.

According to the modeling result of the previous section,
the rotation dynamic function of the flow regulator including
the friction load can be written as

].('szm'Ia_FP'Ll 'mL([’lc’Ms’wsL’MZ)

(15)
- My (M, M, g, 05),
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where the parameters within brackets are the eight parame-
ters to be identified in the load model, and the rotational iner-
tia is another parameter to be identified in the system model.

The identification process was done in two steps. First,
the four parameters in the system load and the rotational
inertia in the nonworking mode were identified, and
because the impact force was zero, equation (15) could be
simplified as

]'d)sz'Ia_Mf(Mc’Ms’wsf’GZ)' (16)

Then, a sine wave was used as a command signal, and
the response signals of the angle rates of the valve and the
motor current were measured, and the five parameters
could be identified using a genetic algorithm. Second, after
the five parameters above were identified, the known impact
load was brought in to simulate the working condition, and
the remaining four parameters could be identified in the
same way.

The identification method could be achieved using the
experimental device in Figure 10. This device could simulate
the nonworking mode and the working mode in different
conditions by adjusting the weights in the devices.

The weights of the devices can be adjusting as needed,
and the simulation impact force F, can be adjusted as well;
Fp is the simulation force of Fp in Figure 8. According to
the schematic in Figure 10, the relation between impact force
and weight can be written as follows:

h

Fp= 2 .m,g, (17)

4

h

where m,, is the mass of the weight, which can be adjusted as
needed, and the leverage L,/L, in this device is 10. Using the
devices above, different working modes can be simulated in
differentm,,, and the parameter identification could be
achieved in stages.

4.2. Verification. To verify the correctness of the method dis-
cussed in the previous section, the values of the nine under-

identified parameters were given initially, and the valve
angle, angle rate, and motor current were measured with a
simulation. Using the measured data to reverse-engineer
the identities of the model parameters, the difference between
the reverse-engineered parameter and the given parameter
before the simulation could be obtained, and the correctness
of the identification method could be verified.

First, the simulation model of the flow regulator was
built. This model is shown in Figure 11.

The system values were L, =0.00132H, R,=1.560,
K,, =0.03N-m/A, K, =0.02588 V/rad/s, and L, =0.095m,
and the nine underidentified parameters were M, = 6.8250
N-m, M, =12.025N - m, wg = 0.0557 rad/s, 0, = 5.3462 N -
m-s/rad, p, =0.052, u=0.086, w; =0.0326rad/s, p,=
0.032, and ] = 0.000204 kg - m.

4.2.1. Case 1: Fp=0N and 6, = 20 - sin (0.47rt). The param-
eter array to be identified was defined as x = [M_ M, w, 7, J],
and the genetic algorithm initial configuration was set up as
follows: maximum generations = 1000, population size = 40,
mutation function = Gaussian function, and  crossover
fraction =0.8. The deviation of the friction torque was
defined as e(k)=K,,I,(k) - Mf(k) — Ja(k), where Mf(k)

and ] were the parameters to be identified.

The fitness function was defined as J = /Y e(k)%, and

the target fitness value was set as 0.01 N - m.

Using the simulation result and a genetic algorithm, after
an iterative evolution in the 469th generation, the fitness
value reached the target we set. The convergence procedure
of the system parameters and system load parameters under
the action of the genetic algorithm is shown in Figure 12.

After the selection of the genetic algorithm, the identified
parameter values of the system model and the system load
model were as shown in Table 1.

Base on the identified results in Table 1, the identification
of the parameter in the working load could be carried out.

4.2.2. Case 2: Fp=3000N and 0.=20-sin (0.4nrt). The
parameter array to be identified was defined as x=
[#. u, wg W, and the initial configuration of the
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TaBLE 1: Original values and identified values of the system load model.
M, (N'm) M, (N-m) Wy (rad/s) 0, (N-m-s/rad) J (kg-m?)
Original value 6.8250 12.025 0.0577 5.3462 0.000204
Identified value 6.7478 11.935 0.0577 5.5400 0.0002048
Error 1.13% 0.74% 0% 3.62% 0.39%
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FIGURE 13: Parameter identification result of the working load model using a genetic algorithm.

TaBLE 2: Original values and identified values of the working load
model.

U, 78 w,; (rad/s) U,
Original value 0.0520 0.0860 0.0326 0.032
Identified value 0.0524 0.0869 0.0318 0.031
Error 0.77% 1.05% 2.45% 3.12%

genetic algorithm was the same as that in Case 1. The devia-
tion of the friction torque was defined as e(k) =K, I,(k) —
Mf(k) —F,-L;-my(k) —Ja(k), where Mf(k) and T used
the values that were obtained in Case 1 and 1, (k) was the
parameter to be identified in this case.

The fitness function was defined as J = /Y~ e(k)?, and
the target fitness value was set to 0.015N - m.

Using the simulation result and a genetic algorithm,
after an iterative evolution in the 152nd generation, the
fitness value reached the target we set. The convergence
procedure of the system parameter and the system load
parameter under the action of the genetic algorithm is shown
in Figure 13.

After the selection of the genetic algorithm, the identified
parameter values of the working load model were as shown in
Table 2.

5. Conclusion

The load characteristics of the flow regulator for a ducted
rocket were examined in this paper, and the loads of the flow

regulator were divided into two parts: the system load and the
working load. The influences of these loads on the working
quality of the flow regulator and ducted rocket were also
analyzed. The models of the gas generator, actuator, and
load were built based on the working mechanism and
the Stribeck friction model. Furthermore, considering the
inapplicability of the conventional Stribeck identification
method, a new Stribeck parameter identification method
for flow regulator was proposed. A sine wave was used as
the signal source, and specially designed devices were used
to accomplish the switch of the working condition. Using
the genetic algorithm, the rotational inertia and parameters
of the system load and working load were identified by stages.
Finally, the validation of the identification method was car-
ried out with a simulation. More generally, the load charac-
teristics analyzed in this article will contribute to the
structure optimization for the flow regulator, and the load
modeling methods of the flow regulator in this paper provide
valuable tools as a starting point for the compensation con-
trol of a ducted rocket.
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