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In the extrusionmachine with double booster cylinder hydraulic system, the stability of the extrusion velocity is affected because of
the switching process of the two booster cylinders in the hydraulic system. In this paper, the analytical solution of the extrusion
velocity fluctuation caused by the double booster cylinder hydraulic system is derived. Firstly, the model of the double booster
cylinder hydraulic system was established, and the switching process of the two booster cylinders was studied under the condition
of high pressure and high flow. Secondly, the traditional control method cannot obtain stable extrusion velocity under the
condition of high pressure and high flow rate, and the new control method was proposed to significantly reduce the fluctuation of
extrusion velocity. *irdly, the fluctuation of extrusion velocity caused by the booster system was derived and the influence of the
parameters of the hydraulic components such as the hydraulic cylinder and the hydraulic valve and the working conditions such as
the flow rate and the pressure on the fluctuation of extrusion velocity was analyzed. Finally, based on the AMESIM software, the
double booster cylinder hydraulic system of the 35MN extrusion machine was simulated and analyzed.*e numerical simulation
results were used to verify the analytical solution of extrusion velocity fluctuation. *e analytical solution can be applied to the
engineering design of the hydraulic system and more in-depth optimization analysis.

1. Introduction

*e hydraulic system of extrusion machine needs to achieve
high pressure and high flow to meet the requirements of
extrusion pressure and extrusion velocity. Stable extrusion
velocity is the key to produce smooth and crack free
products [1], and research on constant velocity extrusion is
the focus at present [2, 3]. *e booster system of existing
extrusion machine basically uses a booster cylinder to
generate high pressure. If a single-acting booster cylinder is
used, the operation of the booster cylinder is limited by the
piston stroke, so the system cannot achieve continuous
boosting [4]. Compared with single-acting booster cylinder,
the system which uses a double-acting booster cylinder can
achieve continuous boosting [5]. However, when the system
is working, there must be a process of forward movement,
deceleration, stop, reverse acceleration, and reverse

movement of the piston in the booster cylinder. *is process
results in unstable oil output from the booster system [6–8].

*e use of two booster cylinders for continuous boosting
can ensure that the deceleration and reset phase of one
booster cylinder piston is just the acceleration and uniform
motion phase of the other booster cylinder piston, which
eliminates the flow fluctuations of the booster system [9, 10].
Based on numerical calculation, Yu et al. and Zhuo et al.
compared the high-pressure water jet hydraulic system using
one booster cylinder and two booster cylinders. *e results
show that the output pressure and flow of the hydraulic
systemwith two booster cylinders are more stable [11, 12]. In
the switching process of two booster cylinders, Zeng and
Chen gave slope signals to two flow valves for system
control, and the influence of different hydraulic system
parameters on the flow fluctuation was studied [13]. Xu and
You and Sun et al. applied the booster system to a low flow
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water jet cutter and conducted experiments. *e pressure
fluctuation of this system was only 2% [14, 15]. In the water
jet equipment, the outlet of the booster system is connected
with the nozzle [16], and the outlet of the booster cylinder
can be equipped with an accumulator or a pressurizer to
reduce the fluctuation of pressure and flow [17, 18]. Different
from the water jet equipment, the outlet of the booster
system of the extrusion machine is to be connected with the
working cylinder, so it is unrealistic to set the accumulator or
pressurizer. Although the double booster cylinder hydraulic
system is widely used in water jet cutting equipment, its
research is limited to the working condition of high pressure
and low flow. Under the conditions of high pressure and
high flow required by the extrusion machine, there is less
research on this system. *e research methods are mostly
numerical simulations and physical experiments, and they
only target hydraulic systems with specific parameters.
*erefore, the current research cannot quickly obtain the
magnitude of the velocity fluctuation of the hydraulic system
with different parameters under different pressure and flow
conditions, and it is difficult to guide the hydraulic system
engineering design and in-depth optimization analysis.

In this paper, a mathematical model of the double
booster cylinder hydraulic system is established, and the
switching process of the booster cylinders under high
pressure and high flow condition is studied in detail. *e
expression of the extrusion velocity fluctuation caused by the
booster system under the condition was derived, and the
analytical solution of the extrusion velocity fluctuation was
verified by numerical analysis results.

2. Working Principle of System

*e principle of the double booster cylinder hydraulic
system studied in this paper is shown in Figure 1. As shown
in Figure 1(a), the booster cylinder B performs the boosting
action while the booster cylinder A performs the reset action.
*e charge system can provide low-pressure oil to the rod
chamber of the booster cylinder when the booster cylinder is
reset. As shown in Figure 1(b), when the piston of the
booster cylinder B is about to complete stroke, the booster
cylinder A starts to enter the boosting action, and its output
flow gradually increases to the rated flow. *e booster
cylinder B starts to exit the boosting action, and its output
flow gradually reduces from the rated value to 0. As shown in
Figure 1(c), after booster cylinder B completely exits the
boosting action, the booster cylinder A performs the
boosting action while the boosting cylinder B performs the
reset action. *e two booster cylinders alternately cycle in
this way, and there is a switching stage in which the two
booster cylinders boost at the same time. After alternating
several times, the pressurization of the entire extrusion
process is completed.

3. Comparative of Low Flow Conditions and
High Flow Conditions

Under the condition of high pressure and low flow, the switch
process of the booster cylinder is controlled by giving the

slope signals corresponding to two flow valves. *is control
method makes the deceleration stage of one booster piston
just the acceleration stage of the other, and the sum of the
velocity of the two pistons is constant. *e output flow of the
booster cylinders can be superposed so as to reduce the output
flow fluctuation during the switching process of the two
booster cylinders andmake the extrusion velocitymore stable.

Taking the double booster cylinder hydraulic system of
a 35MN metal extrusion machine as an example, the
AMISIM software is used to analyze the hydraulic system
under high pressure and high flow conditions. Firstly, the
control method under the condition of high pressure and
low flow is used to control the switching process, that is,
when a certain booster cylinder works normally, the signal
r0 is given to the corresponding flow valve; when the two
booster cylinders are switched, the corresponding slope
signals are given to the two flow valves for control. *e
corresponding control signal of the booster cylinder B
which exits the boosting action is r2 � r0(1 − (t/tg)), and
the corresponding control signal of the booster cylinder A
which enters the boosting action is r1 � r0(t/tg), where tg is
the time of the switching process of the booster cylinder. If
tg is too small, it will cause great hydraulic shock, and if tg is
too large, it will affect the working rhythm of the booster
cylinders. For the system studied in this paper, 0.6 s is
preferred. Apply corresponding load to make the output
pressure of the booster cylinder reach 50MPa. Other hy-
draulic system parameters of the extrusion machine are
shown in Table 1.

*e model shown in Figures 2 and 3 is established in
AMESIM software. *e master system is cylinder, pipeline,
and various on-off valves and relief valves. *e slave systems
are the flow valves and the pump station, which, respectively,
control the input flow of two booster cylinders.

*rough numerical simulation, booster cylinder B is
about to complete a stroke at 29.45 s and starts to exit the
boosting action; booster cylinder A starts to enter the boosting
action at the same time. After 0.6 s, the switching process of
the two booster cylinders is completed. During the switching
process, the extrusion velocity is as shown in Figure 4. *e
ramp control signals r1 and r2 given to the flow valve A and
flow valve B are shown in Figure 5. *e extrusion velocity
fluctuates greatly during the switching process. It quickly
drops to 0 at the beginning of the switching and rises to the
normal velocity with a large overshoot after a period of time.
Figure 6 shows the output flow of the booster cylinder.
Figure 7 shows the pressure in the rod chamber of the booster
cylinder and the rodless chamber of the main cylinder.

At the beginning of the switching process, the control
signal r1 of the flow valve A increases in the form of a ramp,
the velocity of piston in the booster cylinder A also increases
in the form of a ramp. *e oil in the rod chamber of the
booster cylinder A is compressed. Although the pressure of
this chamber gradually increases from a low pressure close to
0, it does not reach the pressure in the rodless chamber of the
main cylinder. *erefore, the check valve at the outlet of the
booster cylinder A is not opened, and only the booster cyl-
inder B outputs oil to the main cylinder, thereby reducing the
extrusion velocity.
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After a period of time, the pressure in the rod chamber of
booster cylinder A is greater than that in the rodless chamber
of the main cylinder, and the check valve at its outlet is
opened. At this time, the control signal r2 has been reduced
to 0, and the booster cylinder B has also been out of work.
*erefore, the extrusion velocity is increased from 0 to a
constant value with a large overshoot.

From the above analysis, since the volume of the booster
cylinder suitable for high flow conditions is huge. When
switching starts, the booster cylinder A needs to spend more
time compressing a large amount of oil in order to output
the flow to the main cylinder. *erefore, when the booster
cylinder is switched, the velocity of the main cylinder
fluctuates sharply or even decreases to zero.

In view of the long time of oil compression in the rod
chamber of the booster cylinder, the traditional control method
of given the slope signal cannot meet the demand of high
pressure and high flow system.*erefore, a control method for
firstly compressing oil and then switching the booster cylinder
A is considered. When the piston of booster cylinder B has not
completed a stroke and the piston of booster cylinder A has
been reset, the pressure compensation signal of flow valve A is
given as r1 � rp, and the normal control signal of flow valve B is
given as r2 � r0. rp can be determined by

rp �
rmax , P2 − PA ≥Δp,

0, P2 − PA <Δp,
 (1)

where rp is determined by the pressure P2 in the rodless
chamber of the main cylinder and the pressure PA in the rod
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Figure 1: Principle of the double booster cylinder hydraulic system. (a) Operation phase of single booster cylinder A. (b) Switching process
of the two booster cylinders. (c) Operation phase of single booster cylinder B. (d) Switching process of the two booster cylinders.

Table 1: Main parameters of the hydraulic system.

Parameters Value
Bulk modulus of hydraulic oil (Pa) 8×108

Density of hydraulic oil (kg/m3) 850
Absolute viscosity of hydraulic oil (cP) 51
Mass of piston in booster cylinder (kg) 350
Piston area of rodless chamber of booster cylinder (m2) 0.20
Piston area of rod chamber of booster cylinder (m2) 0.066
Stroke of booster cylinder (m) 0.75
Mass of piston in main cylinder and its attachment parts
(kg) 5.0×104

Piston area of rodless chamber of main cylinder (m2) 0.50
Piston area of rod chamber of main cylinder (m2) 0.16
Stroke of main cylinder (m) 1.2
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chamber of the booster cylinder A. When PA is far less than
P2, it means that the pressure in the rod chamber of booster
cylinder A fails to meet the requirements, and the oil in this

chamber needs to be compressed at the fastest velocity.
When PA is close to P2, it means that the oil compression of
the rod chamber of booster cylinder A is completed and it is
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necessary to stop compressing the oil in the chamber. rmax is
the maximum control signal to saturate the output flow of
the flow valve. *e compensation signal rp is reduced to 0
after the completion of oil compression. However, there is a
certain overshoot in the pressure PA. In order to make the
check valve at the outlet of the rod chamber closed at this
stage, Δp can be taken as 0.15MPa temporarily. For the
convenience of description, this stage is referred to as the
pressure compensation phase.

When the control mode of firstly oil compression and
then switching is adopted, the control signal is as shown in
Figure 8. *e extrusion velocity obtained by numerical
simulation is shown in Figure 9. Figure 10 shows the
pressure of the main cylinder and the booster cylinders, and
Figure 11 shows the output flow of the booster cylinders and
the input flow of the main cylinder. As shown in Figure 10,
the pressure PA in the rod chamber of booster cylinder A is

close to the pressure P2 in the rodless chamber of the main
cylinder during the pressure compensation phase. As shown
in Figure 11, in the subsequent switching process, the
pressure PA can reach the pressure P2 more quickly and
booster cylinder A rapidly outputs the flow to the main
cylinder. *erefore, by using the control method of first oil
compression and then switching, a smaller velocity fluctu-
ation can be obtained under high pressure and high flow
conditions.

4. Analytical Solution of Velocity Fluctuation

*e parameters that affect the extrusion velocity in the
switching process are divided into three categories: the first
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Figure 6: Output flow of the booster cylinder.
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the rodless chamber of the main cylinder.
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category is the parameters of the hydraulic system, including
the parameters of the hydraulic components such as valves
and cylinders; the second category is the parameters of
working condition, which are expressed by the pressure and
flow; the third category is the control parameters, such as the
parameters such as tg and Δp already described above.

In order to make the velocity fluctuation as small as
possible, at the beginning of the switching process, it is
necessary to make the time of oil compression in booster
cylinder A as short as possible, that is, to minimizeΔp. In the
pressure compensation phase, in order to make the check
valve at the outlet of the booster cylinder A closed, Δp must
be greater than a certain value. As shown in Figure 10, when
the Δp is equal to the pressure overshoot f(G0, p2) of the
rod chamber in booster cylinder A, the minimum value of
extrusion velocity fluctuation can be obtained. Among them,

G0 represents the mathematical model of the booster cyl-
inder, including various parameters such as the mass of the
piston, the volume of the chamber, and the area of the
piston; p2 can be simplified to the pressure of the rodless
chamber of the main cylinder under high pressure. As
shown in Figure 12, according to the continuous equation of
oil in the rodless chamber and the rod chamber of the
booster cylinder and the motion equation of the piston of the
booster cylinder, the mathematical models (2)∼(4) of the
booster cylinder A during the pressure compensation phase
can be obtained:
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_p3 �
EA2v1

n2
, (2)

_p1 �
E

n1
Q1 − A1v1( , (3)

p1A1 � m1 _v1 + B1v1 + p3A2. (4)

A1 and A2 are the area of piston in the rodless chamber
and rod chamber in the booster cylinder, n1 and n2 are the
volume of the rodless chamber and rod chamber of the
booster cylinder, m1 is the mass of the piston of the booster
cylinder, E is the bulk modulus of hydraulic oil, B1 is the
equivalent viscous friction coefficient of the booster cylinder,
Q1 is the output flow from the flow valve to the rodless
chamber of the booster cylinder, p1 and p3 are the pressure
of the rodless chamber and the rod chamber of the booster
cylinder, and v1 is the movement velocity of piston.

Combining equations (2)∼(4) and through Laplace
transformation, the relationship between the output flow of
the flow valve and the pressure p3 in the rod chamber of the
booster cylinder in the frequency domain is obtained:

p3 �
E2A1A2/n1n2m1( Q1

s s2 + B1/m1( s + E/m1(  A2
1/n1(  + A2

2/n2( (  
. (5)

If the control mode described in the second section is
adopted, the input flow Q1 from the pressure compensation
phase to the switching stage can be expressed as follows:

Q1 � Qm · 1(t) − Qm · 1 t − Δt1( , (6)

where Δt1 is the total time of pressure compensation phase
and Qm is the output flow of flow valve when the control
signal is rm. Combining equations (5) and (6), the expression
of the pressure p3 in the rod chamber of booster cylinder A
from the pressure compensation phase to the switching stage
can be obtained. t represents the time elapsed from the
beginning of the pressure compensation phase:

p3 �

⌊t −
2α

α2 + ω2 +
1
ω

e
− at sin(ωt + θ)⌋

KQm

α2 + ω2 · 1(t),

Δt1 +
1
ω

e
− at sin(ωt + θ) − e

− a t− Δt1( ) sin ω t − Δt1(  + θ(   
KQm

α2 + ω2 · 1 t − Δt1( ,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(7)

where K � E2A1A2/n1n2m1, α � B1/2m1, α2 + ω2 �

E/m1((A2
1/n1) + (A2

2/ n2)), and θ � 2 tan− 1(ω/α).
Since the bulk modulus E of hydraulic oil is large at high

pressure and the equivalent viscous friction coefficient B1 is
small, the damping angular frequency ω is very large. From
equation (7), it can be seen that, during the pressure
compensation phase, the pressure in the rod chamber of the
booster cylinder can be regarded as increasing uniformly,
that is,

Δt1 �
α2 + ω2

KQm
p2. (8)

Let p3max be the maximum value of pressure p3 during
the pressure compensation phase to the switching stage.
According to the definition of overshoot,

Δp � f G0, p2(  �
p3max − limt⟶∞p3

limt⟶∞p3
p2 �

e− απ/2ω

Δt1 ω
p2.

(9)

During the switching process, the piston of booster
cylinder A moves at approximately a ramp velocity. When it
has not output oil to the main cylinder, the pressure in its
rod chamber changes according to the following expression:

_p3 �
EA2

n2

v0

tg
t,

p3 �
EA2

n2

v0

tg

t2

2
+ p30,

(10)

where v0 is the velocity of the piston in the booster cylinder
A during the operation phase of single booster cylinder and t

represents the time elapsed from the beginning of the
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Figure 12: Model of the booster cylinder.

Mathematical Problems in Engineering 7



switching process. In the above analysis, p30 is the difference
between P2 and Δp, so the oil compression time of booster
cylinder A in the switching process is

Δt �

�������
2Δpn2tg

EA2v0



. (11)

At the beginning of the switching process, the input flow
of the main cylinder and the corresponding main cylinder
control signal decreases in the form of a ramp, after time Δt,
and it returns to the normal value in the form of a step. It can
be expressed as follows:

u � u0 · 1(t) − [kt · 1(t) − k(t − Δt)

· 1(t − Δt) − kΔt · 1(t − Δt)],
(12)

where u0 is the extrusion velocity during the operation phase
of the single booster cylinder and Q0 is the input flow of the
main cylinder during the operation phase of the single
booster cylinder. u0 � Q0/A, k � u0/tg, and Q0 � A2v0. A is
the piston area of the rodless chamber in the main cylinder.

As shown in Figure 13, the main cylinder mathematical
models (13) and (14) are obtained from the continuous
equation of the oil in the rodless chamber and the motion
equation of the piston. Equation (15) of the extrusion ve-
locity v and u in frequency domain is derived:

_p �
E

n
(Q − Av), (13)

pA � m _v + Bv + FL, (14)

v �
ω2

n

s2 + 2ζωns + ω2
n

u, (15)

where n is the volume of the rodless chamber of the main
cylinder, FL is the load force of the main cylinder, B is the
equivalent viscous friction coefficient of the main cylinder, p
is the pressure of the rodless chamber of the main cylinder,
m is the total mass of the piston in main cylinder and its
attachment parts, ω2

n � EA2/nm, and 2ζωn � B/m.

By linearizing the model of the valve on the oil circuit
near the operating point, a calculation method of the
equivalent viscous friction coefficient of the main cylinder is
obtained:

B � 

l

i�1

A2
3

klm
, (16)

where A3 is the area of the rodless chamber of the main
cylinder, l is the number of valves connected to the return oil
circuit of the main cylinder, and kl is the slope of the
pressure-flow curve of the lth valve at the operating point.
Equations (12) and (16) are introduced into equation (15) to
obtain the analytical solution of the extrusion velocity v in
the switching stage:

v � u0 − k t −
2ζ
ωn

+
e− ζωnt

ωn

�����

1 − ζ2
 sin ωn

�����

1 − ζ2


t + φ 
⎡⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎦(t<Δt),

v � u0 − k
e− ζωnt

ωn

�����

1 − ζ2
 sin ωn

�����

1 − ζ2


t + φ  −
e− ζωn(t− Δt)

ωn

�����

1 − ζ2
 sin ωn

�����

1 − ζ2


(t − Δt) + φ  +
Δte− ζωn(t− Δt)

�����

1 − ζ2
 sin ωn

�����

1 − ζ2


(t − Δt) + ϕ 
⎡⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎦(t≥Δt),

(17)

where φ � 2 tan− 1((

�����

1 − ζ2


)/ζ) and ϕ � tan− 1

((

�����

1 − ζ2


)/ζ). δmin and δmax represent the decrease and
increase of extrusion velocity in the switching process, then
the fluctuation of extrusion velocity is δ � δmax − δmin.When
t is equal to Δt, v gets the minimum value vmin. In the actual
hydraulic system, Δt is relatively large, which makes e− ζωn Δt

tend to 0, that is, the minimum velocity in the switching
process is simplified into the following expression:

vmin � u0 − k Δt −
2ζ
ωn

 . (18)

*en, the expression of δmin is as follows:

FL
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Vm

n

p
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Main
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Figure 13: Model of the main cylinder.
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δmin �
u0 − vmin

u0
�
1
tg
Δt −

2ζ
ωn

 . (19)

In theory, the analytical expression of δmax cannot be
obtained by equation (17). Considering that e− ζωnΔt tends to
0, the increment y of v relative to u0 is obtained from
equation (17):

y � k
e− ζωn(t− Δt)

ωn

�����

1 − ζ2
 sin ωn

�����

1 − ζ2


(t − Δt) + φ 

− k
Δte− ζωn(t− Δt)

�����

1 − ζ2
 sin ωn

�����

1 − ζ2


(t − Δt) + ϕ .

(20)

*at is, δmax can be converted into

δmax �
ymax

u0
. (21)

As shown in equations (22)∼(25), let y � y1 + y2, and
obtain the extreme values of y1 and y2, respectively:

y1 � k
e− ζωn(t− Δt)

ωn

�����

1 − ζ2
 sin ωn

�����

1 − ζ2


(t − Δt) + φ , (22)

y2 � k
Δte− ζωn(t− Δt)

�����

1 − ζ2
 sin ωn

�����

1 − ζ2


(t − Δt) + ϕ , (23)

y1max �
2ζk

ωn

, (24)

y2min � − kΔte− ζπ/
���
1− ζ2

√
( 

. (25)

Since y is divided into two parts, extreme values are
calculated separately. *erefore, the extrusion velocity in-
crement during the switching process will not exceed
y1max − y2min, that is,

δmax >
y1max − y2min

u0
�

k

u0

2ζ
ωn

+ Δte− ζπ/
���
1− ζ2

√
( 

 . (26)

*e fluctuation of extrusion velocity can be obtained by
combining equations (11), (19), and (26):

δ �

������
2Δpn2

EQ0tg



e
− ζπ/

���
1− ζ2

√
( 

+ 1 . (27)

5. Verification and Analysis of Analytical
Solution of Velocity Fluctuation

Take the parameters of 35MN extrusion machine men-
tioned above as reference parameters. It is assumed that,
during the switching process, pressure of the rodless
chamber in the main cylinder is about p2 � 50MPa due to
the load force such as billet deformation resistance and the
switching time is tg � 0.6 s. In the working stage of a single
booster cylinder, in order to meet the extrusion velocity, the

flow Q1 � 1800 L/min to be provided by the flow valve, the
flow input to the main cylinder after boosting is Q0 � 604 L/
min. From equation (9), we can get the overshoot during the
pressure compensation phase:

Δp �
e− απ/2ω

Δt1ω
p2 � 0.50MPa. (28)

By introducing it into equation (27), we can get the
velocity fluctuation under the pressure and flow conditions:

δ �

������
2Δpn2

EQ0tg



e
− ζπ/

���
1− ζ2

√
( 

+ 1  � 12.05%. (29)

*rough the simulation of AMESIM software, the ex-
trusion velocity fluctuation is 12.50% under the pressure and
flow conditions, and the analytical solution is basically
consistent with the simulation results.

On the basis of reference parameters, the condition
parameters, hydraulic system parameters, and control pa-
rameters of the extrusion machine are modified corre-
spondingly. *rough AMESIM software, the model after
modification of parameters is simulated and calculated, and
the results of velocity fluctuation are compared with the
analytical solutions.

Figures 14–16 show the relationship between fluctuation
of extrusion velocity and extrusion velocity v, switching time
tg, and pressure overshoot Δp. *e coordinate point is the
result of numerical simulation and the curve is the analytical
solution. As shown in Figure 14, in low-velocity extrusion,
the velocity fluctuation caused by the switching process is
larger than that in high-velocity extrusion. As shown in
Figure 15, the velocity fluctuation decreases with the increase
of tg. As shown in Figure 16, the velocity fluctuation in-
creases with the increase of Δp. *e analytical solution is not
much different from the simulation result.

Figure 17 shows the relationship between fluctuation of
extrusion velocity and total mass m of the main cylinder
piston and its attachment parts. Figure 18 shows the rela-
tionship between fluctuation of extrusion velocity and
volume n of the rodless chamber of the main cylinder during
the switching process. *e coordinate point is the numerical
simulation result and the curve is the analytical solution. As
shown in Figures 17 and 18, parameters m and n have little
effect on the fluctuation of extrusion velocity. *e velocity
fluctuation increases slightly with the increase of m and
decreases slightly with the increase of n. *e analytical so-
lution is not much different from the simulation result, but it
is slightly smaller than the simulation result. *e maximum
error between the analytical solution and the simulation
result are 6% and 7%.

Figure 19 shows the relationship between fluctuation of
extrusion velocity and the piston areaA of the main cylinder.
*e coordinate point is the numerical simulation result and
the curve is the analytical solution. *e velocity fluctuation
decreases with the increase of A. *e analytical solution is
slightly smaller than the simulation result, and the maxi-
mum error is 18%.

*e equivalent viscous friction coefficient B of the main
cylinder is a comprehensive reflection of the leakage, the

Mathematical Problems in Engineering 9
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Figure 14: Relationship between extrusion velocity fluctuation and
extrusion velocity v.
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Figure 15: Relationship between velocity fluctuation and switching
time tg.
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Figure 16: Relationship between velocity fluctuation and Δp.
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Figure 17: Relationship between velocity fluctuation and m.
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Figure 19: Relationship between velocity fluctuation and A.
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flow-pressure curve of the valve on the return line, the area
of the rodless chamber of the main cylinder, and the total
mass m of the main cylinder piston and its attachment parts.
Figure 20 shows the relationship between the fluctuation of
extrusion velocity and the equivalent viscous friction co-
efficient B of the main cylinder. *e coordinate point is the
numerical simulation result and the curve is the analytical
solution. *e velocity fluctuation decreases with the increase
of B. *ere is not much difference between the analytical
solution and the numerical solution. When B is small, the
analytical solution is small. With the increase of B, the
analytical solution gradually exceeds the simulation result.
*e maximum error between the analytical solution and the
simulation result is 8%.

*rough the above analysis, the velocity fluctuation is
most sensitive to the changes of the control parameters tg
and Δp and condition parameter v. *e hydraulic system
parameters A and B also have a greater impact on the ve-
locity fluctuation, while the hydraulic system parameters n

and m have a smaller effect on the velocity fluctuation.
Compared with the numerical solution, the analytical so-
lution is smaller when the conditions parameters, hydraulic
system parameters, and control parameters change. *e
relationship between the peak and valley values of the ve-
locity and the piston area A of the rodless chamber in the
main cylinder can be obtained through equations (19) and
(26). As shown in Figures 21 and 22, the coordinate point is
the simulation result and the curves are the analytical so-
lution. *e peak velocity obtained from equation (26) is the
upper limit result, which leads to the larger analytical so-
lution than the simulation result. Since the approximate
treatment is used to calculate the valley value of velocity, i.e.,
e− ζωnΔt tends to 0, the analytical solution obtained from
equation (19) is not the result of the lower limit. *e analytic
solution of valley velocity is larger than the numerical so-
lution. *e deviation between the analytical solution of the
valley velocity and the simulation result is much greater than
that between the analytical solution of the peak velocity and
the simulation result.*erefore, the analytical solution of the

fluctuation amplitude is smaller than the simulation result.
For other parameters, except A, the deviation between the
analytical solution and the numerical simulation result can
also be explained by the same reason.

6. Conclusion

In this paper, the mathematical model of the double booster
cylinder hydraulic system is established, and the switching
process of the booster cylinders is studied by two methods of
theoretical derivation and numerical simulation. *e con-
clusion is as follows.

In the switching process of booster cylinders, the tra-
ditional control method is not applicable in high-pressure
and high-flow hydraulic systems. In the high-flow hydraulic
system, the time of oil compression in the rod chamber of
the booster cylinder is long, so the control method that the
first compresses the oil and then the switching should be
adopted to reduce the velocity fluctuation in the switching
process of the booster cylinder.
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Figure 21: Relationship between peak values of the velocity and A.
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*e expression of the fluctuation value of the extrusion
velocity caused by the hydraulic system during the switching
process is derived. *rough the expression, the influence of
the parameters of hydraulic components, such as hydraulic
cylinder and hydraulic valve, condition parameters, such as
flow and pressure, and control parameters, such as switching
time on extrusion velocity fluctuation, are analyzed. *e
velocity fluctuation is most sensitive to the changes of the
control parameters tg and Δp and condition parameter v.
*e hydraulic system parameters A and B also have a greater
impact on the velocity fluctuation, while the hydraulic
system parameters n and m have a smaller effect on the
velocity fluctuation.

Taking the hydraulic system of a 35MN extrusion
machine as an example, based on AMESIM software, the
extrusion velocity fluctuation in the switching process is
numerically solved. *e simulation results are used to verify
the analytical solution, and the reason for the error between
the analytical solution and the simulation results is analyzed.
*e analytical solution can be applied to the engineering
design of specific hydraulic system and more in-depth
optimization analysis.

*is study is contributing to reduce the fluctuation of
extrusion velocity caused by the booster system, which is
conducive to the production of high-quality extrusion
products. It also provides a reference for the engineering
design of the booster system.

*e future research focuses on the introduction of the
closed-loop control method in the switching process of
booster cylinders in order to further improve the control
accuracy of extrusion velocity. For example, the common
PID algorithm, fuzzy control, sliding mode control, adaptive
control, or other methods will be applied.
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