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1. Introduction 

The barrel stabilizer, also known as barrel control 

system, can make the barrel free from the influence of car-

rier pitching and steering, and ensure the firing of tank barrel 

during traveling shown as Fig.1. It can also control the po-

sition of the barrel in the vertical and horizontal direction, 

and implement rapid barrel adjusting and accurate aiming 

[1-2]. Because of the advantages of large power weight ra-

tio, fast response, high control accuracy and strong load re-

sistance rigidity, the electro-hydraulic servo control system 

are more adopted for barrel’s vertical stability and rotation 

[3]. However, the electro-hydraulic servo systems usually 

have many uncertainties, such as complex external interfer-

ence, unmodeled leakage, load mass change, oil elastic 

modulus change and so on, which seriously restrict the re-

action speed and control accuracy of the control system [4-

6]. In addition, the core of the barrel pitching servo control 

system, the high precision jet pipe servo valve, belongs to a 

typical electro-mechanical coupling system [7-8]. The grad-

ual wear behavior such as erosion during service will cause 

the irreversible change of the core parameters [9-10], which 

will degrade the performance of the servo valve and greatly 

aggravate the difficulty of barrel pitching control, which 

will lead to the reduction of the hit rate of barrel weapons 

and even the end of their service life. Therefore, the research 

on the performance degradation and effective compensation 

control of unbalanced barrel pitching servo system under the 

condition of erosion is a major strategic issue related to 

safety and stability.
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Fig. 1 Barrel’s vertical pitching motion with and without stabilizer

The performance of unbalanced barrel pitching 

system has been studied for a long time. Lots of researches 

have been carried out in academic and engineering circles, 

the results show that unbalanced torque is an important rea-

son for the deterioration of system control performance. If 

the center of barrel’s gravity does not coincide with the 

rotation center, it will produce a non-equilibrium weight 

torque, which will change continuously with the rotation of 

the barrel and seriously deteriorate the positioning control 

performance of the barrel. At present, the methods of bal-

ancing such unbalance torque can be summarized as mass 

balance, balancing machine balance and adding driving 

source balance. Among them, mass balance and balancing 

machine balance are difficult to be popularized and applied 

because they cannot meet the requirements of system light-

weight and compactness. Researchers of Nanjing University 

of technology [11-12] proposed a new electro-hydraulic 

servo system to balance and position the unbalanced barrel, 

and use the balance chamber of three chamber hydraulic cyl-

inder to actively compensate the unbalanced force of the 

system, At the same time, the two driving cavities are used 

for barrel positioning and interference suppression, and the 

system control is carried out by using the strategies of neural 

network active disturbance rejection control. This kind of 

method can realize the rapid stability and accurate control 

of large-diameter unbalanced barrel servo system.  
However, the existing research on barrel pitching 

control does not involve the impact of erosion. The unbal-

anced barrel stability system involves many disciplines such 

as machinery, electrical, hydraulic and control, and the grad-

ual erosion behavior of jet pipe servo valve in the system is 

very common such as Figs. 2 and 3. With the extension of 

service time, erosion will induce the irreversible deteriora-

tion of the core parameters, cause the degradation of barrel 

control performance, and seriously affect the hit probability 

and service reliability of barrel weapons. Early researches 
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about the elecrto-hydraulic servo system are more experi-

mental method. Because the characteristics of which is long 

life, high reliability and complex structure, the experimental 

method has the disadvantages of long cycle, high cost and 

low accuracy. The development of computer and related 

theories makes it possible for its performance simulation, 

through the simulation, it is found that the gradual loss be-

havior causes the irreversible change of the core parameters, 

and the "software servo" compensation control of this kind 

of system can be completed with the help of software to re-

alize the advanced control strategy. 

 

Fig. 2 Erosion of the pilot stage [13] 

 

Fig. 3 Erosion of the slide valve stage 

The unbalanced barrel pitching system is a com-

plex position control system, the key of electro-hydraulic 

position control is to suppress the internal and external in-

terference of which [15]. As a typical electrohydraulic cou-

pling system, the control task shown in Fig. 4 is mainly to 

suppress the influence of erosion and other interference fac-

tors. The existing position control strategies can be divided 

into classical, modern and intelligent control technologies. 

In the classical control technology, PID has the advantage 

of simple structure, strong robustness and easy engineering, 

but it can not achieve good control effect for time varying 

uncertainty and strong interference systems. In intelligent 

control technology, sliding mode control is not affected by 

the parameters of the control object and the operating envi-

ronment, especially for time-varying uncertain systems, it 

has good control accuracy and performance, but sliding 

mode control has special requirements for the amplitude of 

external interference and is prone to chattering; Therefore, 

neural network approximation is used to realize the adaptive 

approximation of unknown model such as interference, and 

good control effect is achieved. In other words, a single con-

trol method has its own defects, and the integration of two 

or more control algorithms can make up for the shortcom-

ings and improve the control performance. 

Firstly, this paper establishes the pressure and po-

sition double loop state space model of unbalanced barrel 

pitching system in part 2. Secondly, the erosion behavior 

mechanism model of jet pipe servo valve is constructed, and 

the performance degradation characteristics of unbalanced 

barrel pitching control system under the condition of erosion 

are analyzed in part 3. According to the actual double loop 

structure characteristics of internal pressure loop and exter-

nal position loop, the compound controller of inner loop PID 

and outer loop RBF-SMC is designed for compensation 

control of the unbalanced barrel pitching system. 

2.  Barrel pitching system’s dynamic model 

The structural diagram of barrel pitching system is 

shown as Fig. 4, the unbalanced barrel is installed on the 

carrier platform and the barrel pitching control drive adopts 

the form of jet pipe servo valve driving hydraulic cylinder. 

The pitching angle of the barrel relative to the carrier is θ, 

which is measured using the attitude sensor and the pressure 

difference between the two chambers of the hydraulic cyl-

inder is measured using the pressure difference sensor, all 

of which are sent to the system controller in real time. The 

control voltage is calculated by the control algorithm and 

sent to the jet pipe servo valve through the servo amplifier. 

By changing the size and direction of the current entering 

the servo valve, the pressure difference between the two 

chambers can be adjusted to realize the pitching control of 

the barrel. 

 

Fig. 4 The unbalanced barrel pitching control system 

The servo amplifier can convert control voltage 

U1(t) into control current I(t) so as to control the jet pipe 

servo valve, so the mathematical model of which can be ex-

pressed as: 
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( )1
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I t
K

U t
=  (1)

 

 

The natural frequency of each assembly inside the 

jet pipe servo valve is much higher than the barrel pitching 

frequency, so the relationship model between the power 

stage spool displacement xv(t) and the control current I(t) 

can be expressed as: 
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The pilot stage’s erosion shown in Fig. 2 will in-

duce the increase of distance between the nozzle receiver 

and finally affect the value of K1. 

The relationship between power stage spool dis-

placement xv(t) and load flow Qf(t) can be expressed as: 
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( ) ( ) ( ) ,f q v c fQ t k x t k p t= −  (3) 

 

where: pf(t) is the pressure difference between the two 

chambers of the hydraulic cylinder; kq is the flow gain of the 

power stage slide valve; kc is the pressure flow gain of the 

power stage slide valve. In Fig.3, the erosion power stage 

will affect the values of kq and kc. 

With the aid of hydraulic oil source, the servo valve 

outputs the flow with adjustable size and direction to the 

double chamber of hydraulic cylinder. Ignoring the small re-

turn oil pressure, the continuous flow equation from the oil 

source to the hydraulic cylinder can be expressed as: 

 

( ) ( )
( ) ( )

0 ,
f

f t f

e

dp tdl t v
Q t C p t A

dt dt
− = +  (4) 

 

where: Ct is the leakage coefficient; A is the effective area 

of the piston cylinder in the hydraulic cylinder; V0 is the sin-

gle chamber volume of the hydraulic cylinder; βe is the ef-

fective volume elastic model. 

Since the final control variable of the system is the 

pitching angle of the barrel, so Eq. (4) is converted to Eq. (5).
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In Eq. (5), let: 
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The torque balance equation between hydraulic 

cylinder and load can be expressed as: 
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where: J is the inertia of the barrel relative to the trunnion; 

Bm is the viscous damping coefficient; G is the load elastic 

stiffness; Tg(θ) is the unbalanced torque of the barrel. 

The output torque M(t) of the hydraulic cylinder is 

expressed as the product of the output force and the force 

arm as: 

 

( ) ( ) ( ).fM t p t AL =  (8) 

 

By Laplace transformation and simultaneous solu-

tion of Eqs. (1) ~ (8), the relationship between the angle of 

barrel relative to carrier and control voltage and unbalanced 

torque can be obtained as follows: 
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From Eq. (9), It can been obtained the unbalanced 

barrel pitching system is a third order system. In order to 

improve the control effect, taking pf(t) as the intermediate 

variable, the whole system is divided into internal and ex-

ternal control structures. That is in the pressure inner loop, 

taking x1=pf(t) and x2 as the derivative of pf(t), then the state 

space model of the pressure inner loop can be obtained 

based on formulas (1) - (7): 
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Furthermore, the state space model of the position 

outer loop can be obtained based on Eqs. (7) and (8), which 

is shown as:  
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3. Analysis of failure 

3.1. Erosion mechanism 

 

Jet pipe servo valve is a high-precision flow con-

trol hydraulic element. In the process of production and use, 

it will inevitably produce solid particles and other pollutants, 

which flow with the oil at a certain speed and angle in the 

internal flow channel, resulting in the erosion on the inner 

surface of the flow channel, mainly including the   jet pipe 

amplifier of the pilot stage and the throttling edge of the 

power stage. 
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3.1.1. Jet amplifier of the pilot stage 

 

Fig. 5 is the schematic diagram of the pilot stage 

nozzle receivers’ erosion. The nozzle sprays high speed oil 

containing contaminated particles to the receivers, resulting 

in serious erosion at the receiver wedge and increasing the 

distance between the nozzle and the receivers. 

Due to the complex flow field in the jet pipe am-

plifier, the flow equation is mainly established by theoreti-

cal formula combined with experimental verification. Some 

experimental studies have verified that when working in a 

small range, the comprehensive characteristics of the jet 

pipe amplifier is a straight line, and its equation can be ex-

pressed as Eq. (12). 

 

( ) ( ) ( ) ,j j j cj jq t K x t K p t= −  (12) 

 

where: pj(t) is the pressure difference between two chambers 

of valve core; Kj is the flow gain of the jet pipe amplifier; 

xj(t) is the displacement of the jet nozzle; Kcj is the pressure 

flow gain of the jet pipe amplifier. 

 

Fig. 5Schematic diagram of receivers’ erosion [13] 

Kj and Kjc are all affected by the oil supply pressure, 

oil return pressure, nozzle diameter, receiver diameter, dis-

tance between nozzle and receivers, angle between two re-

ceivers and other factors of the jet pipe servo valve. In this 

paper, the determined servo valve is selected, and the flow 

equation is mainly affected by the distance between nozzle 

receivers. Fig. 6 shows the receiving area model of jet am-

plifier, the calculation of the coverage positioning angles  

θ1, α1, θ2, α2 is shown as Eqs. (13)-(16). 
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where: R and r are respectively the diameter of the receiver 

and nozzle; L is the edge width between receivers; the initial 

value of L is 0, but with the progress of erosion; L will grad-

ually increase; xj is the nozzle displacement. 

valve core

oil supply pressure Ps

nozzle

The center line
f 3

f 2f1
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Fig. 6 The receiving area model of the jet amplifier 

The areas f1 and f2 of the nozzle covering the left 

and right receiving holes are: 
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Based on the energy conservation, the load pres-

sure and load flow of the jet amplifier can be deduced as Eqs. 

(19) and (20) respectively. 
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where: ρ is the oil density; e is the distance between the noz-

zle and the receiver; fn is the nozzle area; σ is the loss coef-

ficient; ps is the supply pressure; pt is the return pressure; θ 

is the nozzle’s offset angle; Cd is the nozzle’s flow coeffi-

cient. 

As shown in Fig. 7, the initial distance between the 
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nozzle and the receiver is e, and the increase of the distance 

between the nozzle and receiver induced by erosion is Le, 

so the relationship between the wedge size and the increase 

of the erosion distance is shown as Eq. (21). 
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Fig. 7 The relationship between wedge width and erosion 

amount 

 

Fig. 8 Pressure characteristics of jet amplifier under differ-

ent erosion 

The distance between nozzle and receivers in-

creases gradually with the progress of erosion, and the 

wedge width will also increases. Which will eventually 

cause the changes of the jet amplifier’s characteristics. In 

order to quantitatively explore the performance degradation 

law of the pilot stage induced by erosion, the performance 

curves under different erosion quantities are calculated and 

fitted shown as Figs. 8 and 9. 

 

Fig. 9 Flow characteristics of jet amplifier under different 

erosion 

3.1.2. Throttling edge of the power stage 

The structure diagram of the valve core and valve 

sleeve of jet pipe servo valve’s power stage is shown as 

Fig. 10. The nozzle deflection of the pilot stage causes the 

pressure of the two receiving holes to be no longer balanced, 

and the pressure difference between the left and right cham-

bers drives the valve core to move. The movement of the 

valve core causes the change of the relative position be-

tween the valve core and valve sleeve, so as to realize the 

control of the on-off of the oil port. In fact, due to erosion, 

the throttling edge’s fillet of the valve core and valve sleeve 

will increase. 

The power stage slide valve of jet pipe servo valve 

adopts the structural form of three position four-way, and 

the load flow calculation is shown as Eq. (22). 

 ( ) ( )( ) ( ) ( )( ) ( )( )( )0 0

1
.f v v s f v s fQ t C W x x t p p t x x t p p t


= + − − − +  (22) 

 

 

Fig. 10 The structure diagram of the valve core and valve 

sleeve  

The valve core often works around the zero posi-

tion, so let xv(t), Qf(t) and pf(t) are all 0. The linearization of 

Eq. (22) of is as follows: 
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where: Qf(t) is the load flow of the spool; pf(t) is the load 

pressure of the spool; kq is the flow gain of the spool; kc is 

the pressure flow gain of the spool. 

The calculation of kq and kc are as Eqs. (24) and 

(25). 

 

1
.q v sk C W p


=  (24) 

 
2

.
32

c

W
k






=  (25) 

As shown in Fig. 11, the fillet radius Rw of the 

throttling edge will increase because of erosion, which in-
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creases the equivalent opening when the valve core dis-

placement xv is the same as that before erosion, and finally 

leads to the change of flow pressure characteristics of the 

power stage. 
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Fig. 11 The orifice model of spool valve 

 

Then the flow gain and flow pressure gain of the 

spool valve after erosion are calculated as Eqs. (27) and (28) 

respectively.

 ( )( ) ( ) ( ) ( )
2 2

0

1
2 2 1 ,qe v s w vk C p R sin sin x x sin d   



 = − + + +  + 
 

 (27) 

 

( )( ) ( ) ( ) ( )
22 2 2

02 2 1

,
32

w v

ce

R sin sin x x sin d

k

   



 − + + +  +  
 

=  (28) 

where: d is the diameter of the valve core. 

Based on Eqs. (27) and (28), the flow gain and flow 

pressure gain under different erosion fillet and spool dis-

placement are calculated. The change trends of flow gain 

and flow pressure gain can be obtained by multi group cal-

culation analysis and data fitting are shown as in Figs. 12 

and 13 respectively. 

From Fig. 12, it can be obtained the flow gain in-

creases monotonically with the erosion fillet and spool dis-

placement, but it is more affected by the spool displacement. 

When the spool displacement is 0, the flow gain value is not 

the initial value of 0. With the extension of service time, the 

erosion fillet gradually increases and the valve core dis-

placement takes a cyclic value between 0 and the maximum 

displacement value. Therefore, it is necessary to take a av-

erage value of the flow gain corresponding to different dis-

placement under a certain erosion fillet. 

 

Fig. 12 The relationship between flow gain and erosion ra-

dius and spool displacement 

In Fig. 13, the flow pressure gain follows the same 

law with the erosion fillet and spool displacement, that is, 

which increases monotonically with the erosion fillet and 

spool displacement and is more affected by the spool dis-

placement, but the change gradient of flow pressure gain is 

larger than that of flow gain. When the spool displacement 

is 0, the value of pressure flow gain is not the initial value 

of 0. With the extension of service time, the erosion fillet 

gradually increases, but the valve core displacement takes a 

circular value between 0 and the maximum value. Therefore, 

it is necessary to take a average pressure flow gain corre-

sponding to different displacements under a certain erosion 

fillet. 

   

Fig. 13 The relationship between pressure flow gain and 

erosion radius and spool displacement 

3.2. Numerical calculation 

 

Based on CFD theory and erosion theory, Reyn-

olds averaged Navier-Stokes equation, standard k-ε two 

equation model, discrete phase flow model and plastic ma-

terial erosion model are used to simulate the erosion of the 

nozzle receiver of the pilot stage and the throttling edge of 

the power stage. The distribution of erosion rate is predicted 

by FLUENT software, and the high speed oil is taken as a 

continuous phase to simulate its flow field in Euler coordi-

nates. Take the particles in the oil as discrete phase to cal-

culate their motion orbit in Lagrangian coordinates. Select 

the probability distribution function to solve the velocity 

and angle information of solid particles, and then calculate 

the distribution of erosion rate with a quantitative model. 

This process needs to complete three aspects: internal flow 

field calculation, solid particle orbit calculation and erosion 

rate calculation. 

A certain distance from the front end of nozzle to 



 142 

the rear end of the receiving hole is selected as the numerical 

simulation range. In order to accurately obtain the distribu-

tion of erosion rate on the inner wall of the nozzle receiver, 

a calculation model of the erosion rate is established, shown 

as Fig. 14. Similarly, the erosion calculation model of power 

stage is established as Fig. 15. 
 

 

Fig. 14 The erosion simulation model of the pilot stage 

 

Fig. 15 The erosion simulation model of the power stage 

The flow field of the pilot stage from nozzle to re-

ceiver is the most complex, the mesh division of which is 

encrypted to improve the accuracy of the simulation. The 

hydraulic oil with oil density of 855 kg/m3 and dynamic vis-

cosity of 0.01254 Pa·s is selected as the working medium. 

The boundary condition of pressure inlet and pressure outlet 

are set as 21MPa and 0.5MPa respectively, and the residual 

convergence accuracy is set as 10-5. The discrete phase 

model is set to simulate the particle trajectory and calculate 

the erosion rate. The oil inlet is set as the injection plane of 

contaminated particles. The DRW model is selected to deal 

with the interaction between particles and fluid discrete vor-

tices. The velocity distribution and erosion rate distribution 

of the pilot stage are obtained by running the numerical sim-

ulation program shown as Figs.16 and 17 respectively. 

Fig. 16 shows the velocity at the front end of the 

nozzle is small and evenly distributed. With the contraction 

of the nozzle size, the jet velocity increases rapidly and 

reaches the maximum velocity of 202 m/s, then the jet ve-

locity will gradually decrease due to entering the receiving 

holes with increased size. It is worth noting that the liquid 

flow will also form a slightly higher reflux velocity when 

touching the receiver wedge. 

The high speed flowing oil is mixed with contami-

nated particles, most of the particles enter the receiving 

holes through the jet nozzle, return with the oil and finally 

flow out of the outlet of the disc. Based on the velocity dis-

tribution and particle trajectory, it is easy to know that the 

erosion rate at the wedge of the receiving hole is relatively 

the largest shown as Fig. 17, in which the erosion rate dis-

tribution gradually decreases from the center of the wedge 

to both sides. 

 

Fig. 16 The velocity distribution of the pilot stage 

 

Fig. 17 The erosion rate distribution of the pilot stage 

Similarly, the velocity distribution and erosion rate 

distribution of power stage obtained by numerical simula-

tion are shown as Figs.18 and 19 respectively. The oil mixed 

with contaminated particles enters from the inlet, and the 

speed increases significantly to 155 m/s at the throttling 

edge. Then after entering the wide area between the valve 

core and valve sleeve, the speed decreases gradually and fi-

nally flows out from the outlet. The contaminated particles 

will have a greater erosion effect on the throttling edge with 

the oil, and the greater the distance away from the edge, the 

smaller the erosion rate as shown in Fig. 19. 

 

Fig. 18 The velocity distribution of the power stage 
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Fig. 19 The erosion rate distribution of the power stage 

 

3.3. Characteristics degradation of barrel pitching system 

 

In order to explore the performance degradation 

degree of barrel pitching system induced by gradual erosion 

behavior, the simulation model of barrel pitching system is 

built based on the system mathematical model. The barrel 

rotation command of 0.524 rad (30°) is input, the barrel 

pitching response without erosion wear, 0.2 mm erosion dis-

tance of pilot stage and 180 um erosion fillet radius of power 

stage are analyzed as Fig. 20. It can be found that the erosion 

of pilot stage and power stage will all cause the deterioration 

of the barrel control performance, which is mainly reflected 

in the attenuation of the barrel stable displacement under the 

same control command. However, which has little effect on 

the dynamic performance of the barrel. In contrast, the per-

formance degradation induced by erosion of the pilot stage 

is higher than that of the power stage. Therefore, effective 

control strategies need to be researched in order to compen-

sate control the performance degradation caused by erosion. 

 

Fig. 20 The contrast of the barrel pitching response under 

erosion 

4. The compensation control for the characteristics deg-

radation of barrel pitching 

4.1. Design of pressure-position double loop controller 

 

The control block diagram of the unbalanced barrel 

pitching system is shown as Fig. 21. The jet pipe servo valve 

is used to control the hydraulic cylinder to realize the pitch-

ing drive of the barrel. The oil pressure sensor and high pre-

cision attitude sensor are used to collect the double chamber 

pressure difference of the cylinder and the barrel pitching 

angle in real time, form the pressure feedback inner loop and 

position feedback outer loop respectively. The 

RBFNARSM-PID two-stage controller is designed to com-

pensate the deterioration of internal structural parameters in-

duced by erosion, and finally realize the high performance 

control of barrel pitching under the given control command. 

The part marked in red in Fig. 21 is the position 

pressure double loop composite controller, which is com-

posed of RBF Network Adaptive Robust Sliding Mode and 

Proportional Integral Derivative controller. Among them, 

the internal pressure loop adopts PID control, while the 

outer loop adopts RBFNARSMC control. 

The internal PID control algorithm is: 

 

( ) ( ) ( )
( )

0
.

t p

p p i p d

de t
u t k e t k e t k

dt
= + +  (29) 

 

The external is RBF network adaptive robust slid-

ing mode control algorithm, in which the input and output 

algorithm of RBF network is: 
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 (30) 

 

( ) ( ) ,T

f ff W h x = +  (31) 

 

( ) ( ) ,T

g gg V h x = +  (32) 

 

where: x is the network input; i is the ith input of the network 

input layer; j is the jth network input of the network hidden 

layer; 
T

jh h =   is the output of the Gaussian basis function; 

W* and V* are the ideal network weights of the approxima-

tion to and,  and  are the network approximation error. 

The output of RBF is: 

 

( ) ( ) ( ) ( ), .T T

gf gf x W h x g x V h x= + = +  (33) 

 

The control law is designed as:  

 

( )
( )

( ) ( )
1

.du t f x ce sgn s
g x

   = − + + +   (34) 

 

4.2. The construction of barrel pitching experimental system 

 

In order to verify the effectiveness of the barrel 

pitching compensation control method, an unbalanced bar-

rel pitching experimental system considering the impact of 

erosion is built. The control system adopts STM32 for high 

precision compensation control of barrel pitching, which in-

cludes measuring the attitude angle of barrel and the pres-

sure of hydraulic cylinder in real time, calculating the con-

trol voltage of jet pipe servo valve based on the control al-

gorithm, and finally completing the control of barrel pitch-

ing angle. The detailed composition of the barrel pitching 

control experimental system is shown as Fig. 22. 
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Fig. 21 Design of pressure-position double loop  controller  
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Fig. 22 The detailed composition of the barrel pitching control experimental system 

4.3. Results and discussion 

 

1. The comparison of related algorithms’ control 

effect.  

Under the initial conditions, SMC, PID and 

SMC+PID algorithms are selected to control the unbalanced 

barrel pitching system. The step command with amplitude 

of 0.524 rad (30 °) is used as input, then the barrel pitching 

angle response is shown in Fig. 23. After comparison, it can 

be found the barrel pitching response under SMC control 

has the best rapidity, but there is an overshoot that can not 

be ignored, and there is a certain error in the stable angle.  

 

Fig. 23 The contrast of barrel pitching control 

The steady state error of PID control can reach the 

allowable range, but its dynamic adjustment time is more 

than 3s. Although the rise time of SMC+PID composite con-

trol is longer than the others, there is no overshoot and the 

stability time is only 2s, and the steady state error achieves 

a satisfactory control result in a short time. Therefore, 

SMC+PID compound control is relatively more suitable for 

the effective control of unbalanced barrel pitching system. 

2. The compensation control of the erosion influ-

ence. 

After erosion, the performance of barrel pitching 

system will inevitably deteriorate. The performance degra-

dation includes two inducements: the erosion of the pilot 

stage and the power stage. The numerical analysis results of 

erosion show that the erosion rate of the two position are 

different. In order to effectively compensate and control the 

system performance degradation, the erosion amount at dif-

ferent time points is calculated based on the standard of time. 

Then the corresponding deterioration parameters are ob-

tained and brought into the barrel pitching system to deter-

mine the compensation control effect. Fig. 24 shows the 

comparison of system compensation control effect under 

different service time. It can be found that with 0.524 rad 

(30°) step input, after SMC+PID compound control, the bar-

rel pitching  response is different, but the difference is small, 

that is, the dynamic and steady state performance have been 

effectively compensated. 

Fig. 25 shows the comparison of system compen-

sation control effect under different service time. It can be 

found that under the sinusoidal target angle of 0.524 rad 

(30°), after SMC+PID compound control, the difference of 

barrel pitching sinusoidal tracking response is small, that is, 

the dynamic and steady state performance of the compensa-

tion control system is good. 

 



 145 

 

Fig. 24 Barrel pitching step response under erosion 

 

Fig. 25 Barrel pitching sinusoidal track response under ero-

sion 

3. The barrel pitching control experiment. When 

the service time of barrel pitching system is 1000 hours, the 

steady state performance deteriorates. The inducement in-

cludes the change of pilot stage’s flow gain, the power 

stage’s flow gain and pressure flow gain. The barrel pitching 

experimental system is built, and the system controller is de-

signed based on SMC+PID composite control algorithm. 

The step barrel turning command and sinusoidal tracking 

command with the amplitude of 200 mil are given respec-

tively, and the barrel pitching step response and sinusoidal 

tracking response are obtained as Figs. 26 and 27 respec-

tively.  

 

Fig. 26 The barrel pitching step response 

 

In Fig. 26, after receiving the step command, the 

barrel enters a stable state without overshoot in about 2 s, 

and the stability error less than 1.6 mil meets the system re-

quirements. In the sinusoidal tracking response shown as 

Fig. 27, the target command can be tracked by quickly ad-

justing the barrel pitching angle in the first quarter cycle, 

and the tracking error fluctuates around 5.6 mil. Experi-

ments show that SMC+PID control method can effectively 

compensate the performance degradation of barrel pitching 

system. 

 
Fig. 27 The barrel pitching sinusoidal tracking response 

5. Conclusion 

As the core of barrel pitching system, jet pipe servo 

valve is a complex high precision electrohydraulic servo 

component. In the service process of barrel weapons, the jet 

pipe servo valve will inevitably occur erosion behavior, 

which will induce the changes of pilot stage’s flow gain, 

power stage’s flow gain and pressure flow gain, resulting in 

the deterioration of the servo valve’s performance, and then 

the decline of the steady state performance of barrel pitching 

system. In order to improve the control performance, 

SMC+PID double loop algorithm is designed for the com-

pensation control of barrel pitching system. The inner loop 

takes the hydraulic cylinder pressure difference as the con-

trol variable, uses PID controller for pressure stability con-

trol, and the outer loop uses RBF network adaptive sliding 

mode controller for barrel pitching angle control. Through 

software simulation and experimental verification, it is 

found the given control algorithm can realize the compen-

sation control of barrel pitching system within limited ser-

vice time, and the dynamic and stable control performance 

can meet the needs of practical engineering. 
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Y. Chu, Y. Xia 

THE INVESTIGATION OF A UNBALANCED BARREL 

PITCHING SYSTEM’S CHARACTERISTICS 

DEGRADATION AND COMPENSATION UNDER 

GRADUAL EROSION BEHAVIOR 

S u m m a r y 

The unbalanced barrel pitching system is a typical 

electro-hydraulic coupling servo control system, the perfor-

mance of which determines the response speed and hit prob-

ability of vehicle mounted weapon equipment. However, in 

the actual service process, its core component, the high pre-

cision jet pipe servo valve, will produce the gradual erosion 

of the pilot stage’s receivers and the power stage’s throt-

tling edges, which will induce the performance degradation 

of the unbalanced barrel pitching system, and finally greatly 

reduce the performance of barrel weapons. Therefore, a 

pressure and position double loop state space model of un-

balanced barrel pitching system including the core parame-

ters of performance degradation is established. The erosion 

behavior mechanism model of jet pipe servo valve is con-

structed, and the performance degradation characteristics of 

the unbalanced barrel pitching control system under the con-

dition of erosion are further analyzed. Finally, aiming at the 

double loop structure of internal pressure loop and external 

position loop, the RBF Network Adaptive Robust Sliding 

Mode-Proportional Integral Derivative two-stage controller 

of barrel system is designed, based on which the experi-

mental platform of unbalanced barrel pitching control is 

built. The experimental results are in good agreement with 

the theoretical results, so the proposed control method can 

effectively suppress the degradation of internal structural 

parameters induced by erosion, that is, it can better compen-

sate the performance degradation of barrel pitching system 

induced by gradual erosion behavior.  

Keywords: erosion wear, barrel pitching system, unbalance 

torque, jet pipe servo valve, sliding mode control. 
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