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Abstract
Taking a new type of full-fiber crankshaft forging hydraulic press as the research object, an up-

setting-bending stroke coordination control is studied to improve crankshaft forming accuracy. A

master-slave proportion integration differentiation ( PID) coordination control strategy based on ve-

locity feed-forward is proposed to improve the coordination control accuracy. The structure and work-

ing process of the full-fiber crankshaft forging hydraulic press are introduced, and a mathematical

model of the upsetting and bending control system are established. The coordination control strategy

is verified experimentally. The experimental results show that the maximum tracking error of the co-

ordination control strategy is reduced by 66% compared with the traditional PID controller, and the

coordination motion accuracy is improved effectively.

Key words: crankshaft forging hydraulic press, coordination control, velocity feed-forward,

master-slave proportion integration differentiation ( PID) control

0 Introduction

A crankshaft is a key component of ship and auto-
mobile engines. Good mechanical property and high
reliability of full-fiber crankshafts are crucial to the
smoothness and safety on the operation of ships and au-

tomobiles'"” .

So far, large-scale full-fiber crankshafts
are generally made by forging on a large-scale hydrau-
lic press with a special die in China'>*'. The crank-
shaft forged by this method has the problems of high
cost, complicated process, low efficiency, and de-
struction of metal flow lines, which affect the mechani-
cal property and service life of the crankshaft. There-
fore, many scholars have devoted to the study of new
processes and new equipment for crankshaft manufactur-
ing. Based on TR method, the new TR method (NTR)
controls the bending cylinder individually to adjust the
upsetting and bending process parameters separately to
further improve the quality of the crankshaft **’.

The upsetting-bending forging method is a 2-way
forging method. The forging is subjected to upsetting
and shear force simultaneously, and finally forged into

a crankshaft. If the upsetting and bending processes
are not coordinated, the crankshaft is prone to produce
defects such as ‘ missing angle’ or other poor filling

71 which affects the overall quality and

performance
forming accuracy of the crankshaft. In order to improve
the forming accuracy of the crankshaft forging hydraulic
press, one of the key technologies is the coordination
control of the upsetting cylinder-bending cylinder.

The existing researches focus on the synchronous

]
", and few researches have

control of multi-cylinder'*”!
been performed on coordination control methods of
multi-cylinder. Based on the characteristics of upset-
ting-bending coordination process of NTR method, a
master-slave proportion integration differentiation (PID)
coordination control strategy is designed based on ve-
locity feed-forward, which is applied to the upsetting
cylinder-bending cylinder coordination control system

and verified by experiments.

1 Configuration of NTR

1. 1 Structure of upsetting-bending hydraulic
press
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The principle of bending and upsetting for full-fi-
ber crankshaft by NTR method is studied in this paper.
The body structure of the full-fiber crankshaft forging
hydraulic press is shown in Fig. 1.
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Fig.1 Structure of upsetting-bending hydraulic press diagram

The hydraulic press consists of an upsetting system
for crankshaft upsetting and a bending system for form-
ing crank. The upsetting system consists of 2 upsetting
cylinders ( Plunger cylinder), beam, toggle mecha-
nism, toggle cylinder, lower mold cylinder, upper up-
setting mold and lower upsetting mold. Two upsetting
cylinders are hinged with the beam. One end of toggle
mechanism is hinged with the beam, the other end is
hinged with the upper upsetting mold.

The bending system consists of the bending cylin-
der ( piston cylinder), ejector cylinder and bending
mold.

During the forming process of the crankshaft, the
upsetting system drives the beam downward. The
downward driving force of the upsetting cylinder is con-
verted into the horizontal force of the upsetting mold by
the toggle mechanism, and the upsetting process of the
crankshaft is completed by the movement of upsetting
mold toward each other.

The bending cylinder independently drives the
bending mold to form the crank of crankshaft.

The upsetting system and the bending system co-
ordinate with each other according to the determined
Finally the full-fiber

crankshaft with high accuracy and good mechanical

crankshaft forming process.

properties can be formed. Furthermore, different types
of the full-fiber crankshaft can be formed by adjusting

the parameters of upsetting-bending coordination process.

1.2 Upsetting-bending coordination process
Upsetting-bending forming phase 1. The upsetting
cylinder drives the beam downward, and the beam
drives the upsetting mold to move towards each other
through the toggle mechanism. The bending cylinder
moves with a given upsetting-bending stroke which is

shown in Fig. 2.
280
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0 | |
0 180 315 450

Upsetting cylinder stroke s(mm)

Fig.2 Upsetting-bending coordination motion curve

Upsetting-bending forming phase 2. The upsetting
cylinder continues to keep synchronous motion at a cer-
tain speed for the upsetting of the crankshaft. Mean-
while, the bending cylinder keeps a certain output
force.

Upsetting-bending forming phase 3. The upsetting
cylinder continues to drive the upsetting mold, and the
bending cylinder continues to move according to a giv-
en upsetting-bending stroke in order to ensure the final
forging accuracy.

2 System modelling

2.1 Upsetting system mathematical model

In order to facilitate the establishment of a mathe-
matical model, the necessary simplification of the up-
setting system is carried out without affecting the char-
acteristics of the upsetting synchronous control system ;

1) Setting the beam as a rigid body and neglec-
ting the thickness of the moving beam.

2) No translation activities of the beam in the hor-
izontal plane.

3) The deflection angle of the beam is very small.

The simplified model of the upsetting cylinder
control system is shown in Fig. 3.

Based on the above assumptions, the relationship
between the 2 cylinders’ displacements and the move-
ment of the moving beam are shown as follows
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Fig.3 Simplified model of upsetting cylinder control system
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where, @ is the deflection angle of the beam (rad), L
is the distance between 2 upsetting cylinders (m) , y is
centroid displacement of the moving beam (m) , x, and
%, are 2 upsetting cylinders displacement respectively
(m), L, and L, are the distances from the centroid to
the 2 cylinders (m).

The dynamic equation of the beam is;

2
Fy+Fp+Mg-F, -Fj, :MM

2
T, @
FuyLy = FpLy, + F,S, - F,S, = ﬁ
where, F, and F, are output forces of 2 upsetting cyl-
inders (N), F,, and F,, are the load forces acting on
the 2 positions of the beam (N), S, and S, are the dis-
tances from the centroid to the load acting point on the
beam (m), M is the mass of the beam (kg), Jis the
rotational inertia of the beam (kg + m”).
The flow equations through 2 electro-hydraulic
proportional valves can be expressed as:

2(p, = pi)
P (3)
2(p, = py)

p
where, Q, and (), are the flows of 2 upsetting cylinders

0 = Chox,
Q, = Cpwx,

respectively (L/min), x, and x, are the spool dis-
placements of 2 electro-hydraulic proportional valves
respectively (m), C, and C, are flow rate coeffi-
cients, p, and p, are the pressures of the electro-hy-
draulic proportional valve (MPa), w is the cross-sec-
tion grads of the electro-hydraulic proportional valves
(m), and p, is the supply pressure (MPa).

The flow rate continuity equations of the 2 upset-
ting cylinders are;

dv, V,. ) B. .
Q = ds +EP1 + CepIpI:>pl = 7(01 - A, _Cp,plpl)
. |
dV. V,. ) B. .
Q, = dt2 + [?sz + CL'[)ZPZ:}pZ = 7(()2 - A%, — CeplPZ)
e 2
(4)

where, V| and V, are the compressed volumes of the 2
upsetting cylinders respectively (m’) , C, and C,, are
the coefficients of the external leakage of the 2 upset-
s)), A, and A,

are the effective acting area of the 2 upsetting cylin-

ting cylinders respectively (m’/(Pa -

ders’ pistons respectively (m”) and B, is the effective
bulk modulus of oil (Pa).

The force balance equations for the 2 upsetting
cylinders are :
Bt h s
myx, = p,A, + myg - F, - szxz -5

{ml&l =pA +mg-F,

where, m, and m, are the piston masses of the 2 upset-
ting cylinders (kg), B, and B, are viscous damping
coefficients of the 2 upsetting cylinders respectively
((N +s)/m) and f, and f, are frictions of the 2 upset-
ting cylinders respectively (N).

=

r - X\‘ | N
W

Controller 2|
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2 L
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L

Fig.4 Upsetting control system block diagram
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After the Laplace transform, the block diagram of
the upsetting control system is shown in Fig. 4.

2.2 Bending system mathematical model

The bending cylinder is used to form the crank-
throw of the crankshaft which is coordinated with the
upsetting cylinder. The bending cylinder is controlled
independently and its control principle can be regarded
as a zero lap 4-way slide valve control asymmetric cyl-
inder system. Simplified model of the bending cylinder
control system is shown in Fig. 5.

(6]
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Fig.5 Simplified model of bending cylinder control system

When y, > 0, the spool of proportional valve
moves to the right to drive bending cylinder piston out,
namely, x,, > 0.

The necessary simplification of the upsetting sys-
tem is carried out;

1) The proportional valve is a zero lap 4-way slide
valve.

2) The 4 throttle windows are symmetrical.

3) The supply pressure p, is constant.

4) The return pressure p, is zero.

Flow equation of the electro-hydraulic proportional
valve can be expressed as

2 .
qy, = Cllwwxwv ;(pA _plu) = Alu'yu'

/2 :
q214: = Crlwwxvur ;<p2w - p()) =~ A2143y143

where, ¢,, and ¢,, are the flows of rodless cavity and

(6)

rod cavity respectively (L/min), x,, is the spool dis-
placement of electro-hydraulic proportional valve (m) ,
C,, is the flow rate coefficient of electro-hydraulic pro-
portional valves , A, and A, are the effective acting
areas of rodless cavity and rod cavity respectively
(m*), p,, and p,, are the pressures of rodless cavity
and rod cavity respectively (MPa) , w is the cross-sec-
tion grads of the electro-hydraulic proportional valve

(m), p, is the supply pressure (MPa) , p, is the return
pressure ( MPa) and y, is the displacement of the ben-
ding cylinder piston (m).

The load flow of the asymmetric cylinder is de-
fined :

_ 91 + ngs,
1 +n°

(7)

It can be known from the equation of flow continu-

q;

ity of an asymmetric hydraulic cylinder’s 2 chambers:
2 = NGy, (8)
Therefore, when the system is static, the load
flow satisfies Eq. (9).
4. = G (9)
Therefore, the load flow of the bending system is
described by the flow of the asymmetric cylinder’ s rod-
less cavity. That is, the flow continuity equation of the
bending cylinder is;

q, = C,ippL - C_/Px + 428PL + Alu’./)}w
o= (1 +n2)CW C. - n’(1 —n)CiW
v 1+2° 77 1 +n ’
4V,
" l+n
(10)
where, C,, is the internal leakage coefficient of the

bending cylinder (m’/(Pa -
lent leakage coefficient of the bending cylinder (m®/

s)), C', is the equiva-

(Pa+s)), C;is the additional leakage coefficient of
the bending cylinder (m’/(Pa -
lent volume of the bending cylinder (m’). Take V,, =
L'A,, 2L'4,, .

, then V, = ————_ where, L’ is the total
2 (1 +n)
stroke of the bending cylinder (m).

s)), V, is the equiva-

The force balance equation of the bending cylinder
18

PrAne = Pada = piAL

=m,y, + B[m‘y'“‘ +K,y, +F,
(11)

where, m,, is the equivalent mass of the bending cylin-
der’s piston and load (kg), B, is viscous damping
coefficient of the bending cylinder ( (N «s)/m) , K, is
the elastic stiffness of the bending load, (N/m).

The electro-hydraulic proportional valve is simpli-

pw

fied as a proportional link. The transfer function is
xvu’
U

where, x,, is the displacement of the electro-hydraulic

G,(s) =K, = (12)

proportional valve spool (m), U is the input voltage of
the electro-hydraulic proportional valve (V) , K, is the
proportional gain of the electro-hydraulic proportional
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valve(m/V).
The position sensor is equivalent to a proportional
link whose transfer function can be expressed as

K =
Y

where, K, is the proportional gain of the position sensor

(13)

(V/m), U, is the output voltage of the position sensor

feedback (V).

A nonlinear model of the bending control system’ s
output displacement can be established by using the
Laplace transform of Eqs(6), (10), and (11) com-
bining Eqs (12) and (13). The block diagram of the

bending cylinder control system is shown in Fig. 6.

C‘; + (Vs/4B,)

2
ms*+B s+K,

4 sle
lWS‘

Fig.6 Bending control system block diagram 3 coordination control strategy

The essence of upsetting-bending stroke coordina-
tion control is a tracking problem of position closed
loop system. Only using PID controller to improve
tracking property of bending control system is unable to
meet the requirement of upsetting and bending coordi-
nation control. When the position of the cylinder is
changed due to load variation or nonlinear factors, a
predictive feed-forward link is introduced into the con-

trol system. The control quantity of velocity feed-for-
ward can be used as the main compensation signal.
The gain of PID can assist the velocity forward link to
complete the final adjustment, which can improve the
response and position accuracy of the system. The
block diagram of the coordination control principle is
shown in Fig. 7.

([ Tommem—— |
Position sensor
Upsetting output
PID . Upsetting control displacement
controller = Amplifier] —» system >
Displacement | |
Velocity matching
N T
i Bending output
PID . : | Bending control displacement
Amy > >
controller |: B : system
b
[Mpastiancantes —
Position sensor

Fig.7 Block diagram of master-slave coordination control based on velocity feed-forward

According to the upsetting-bending coordination
motion curve in Fig.2, the output displacement of the
upsetting control system after the displacement matc-
hing in Fig. 7 is input to the bending control system as
an input signal of the bending system.

As shown in Fig. 2, the displacement matching is
divided into 3 stages. Assuming that the upsetting cyl-
inder moves at a uniform velocity, the displacement of
the bending cylinder is calculated according to the up-
setting-bending process. The specific expression is

shown as Eq. (14).

1
f(y x 0. 67)ds 0<t<t
) dt
d
r, = f(d—’; x 0.67)dt t, <t <t

0
1 B

dx dx
f(g x 0. 67)ds +j(5 x1L18)dt ¢, <t <t

0 23

(14)
where, r, is the input displacement of the bending cyl-
inder after displacement matching, x is the output dis-



HIGH TECHNOLOGY LETTERSIVol.25 No.4|Dec. 2019

457

placement of the upsetting control system, ¢ is working
time.
According to Eq. (14), a logic control solver

The differential of the upsetting

system’s output displacement

using a velocity signal is constructed as shown in Fig. 8
for the logic control part of the upper computer of the

experimental system.

i i
: Inl § Clock 1
! .. _.._. Derivative 1|

<=

35 >
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Clock 2 Constant 1 Operator 1
<=
5 >
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Constant2 Operator 2 w
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L BES

5 P S

-

Switch 3

Constant 3 Operator 3

Switch 2

G The input signal of the bending system

Fig.8 Logic control program of displacement matching link

3 Experiment and discussion

3.1 Experiment rig

In order to further verify the feasibility of the coor-
dination control strategy proposed in this paper, an ex-
periment rig simulating the upsetting-bending coordina-
tion control principle is built.

The coordination control experiment rig shown in
Fig.9 consists of 2 sets of servo valve control cylin-
ders, all of which are closed-loop position control sys-
tem. The working principle of the position closed loop
system is to collect the instantaneous position of each
hydraulic cylinder through its own position sensor, to
convert it into a difference between its voltage signal
and the given voltage signal, to obtain respective devi-
ation signal to control the flow of the respective servo

e
=

- r _‘ o7 L ”
W, ] | 7 ‘
a\ d
v

-\ -

!
5 >
i

>
»
i

Fig.9 Coordination control experiment rig

valve to further control the position of the 2 hydraulic
cylinders. In particular, the displacement signal of the
upsetting cylinder after the displacement matching is
input to the bending system, as shown in Fig. 7.

The schematic diagram of the coordination control
experiment rig is shown in Fig. 10. The relief valve 4 is
used to regulate the system pressure. Accumulator 7 is
used to stabilize oil supply pressure of the servo valve.
Reversing valve 13 is used to open and close the oil
circuit.

\V
10.2 Controller|
[ T rmpied<
82

1 Shut-off valve, 2 Fixed displacement pump, 3 Electric motor,
4 Relief valve, 5 High-precision filter, 6 Check valve, 7 Accumulator,
8 Amplifier, 9 Controller, 10 Electro-hydraulic servo valve,

11 Position sensor, 12 Upsetting cylinder, 13 Directional valve,
14 Cooler, 15 Pressure gauge, 16 Bending cylinder
Fig.10 The schematic diagram of the coordination

control experiment rig
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The parameters of the main components are listed

in Table 1.
Table 1  Parameters of experiment rig
Name Value Unit
Servo valve flow (Ap =7 MPa) 7 L/min
Step response time of servo valve 4 ms
5 o )0
Position sensor stroke +25 mm
Position sensor accuracy 0.5 %o
Pump displacement 25 ml/r
Pump rated speed 1500 r/min
Working pressure 25 MPa

The controller uses a German semi-physical simu-
lation platform dSPACE, and the DS1104 control board
has 8 analog inputs and outputs, 20 digital inputs and
outputs, and 2-channel encoder measures. However,
the Matlab/Simulink control system model can be com-
piled to generate executable codes and downloaded to
the DS1104PPC controller board using RTI. The real-
time control interface can be realized using ControlDesk

software provided by dSPACE, which can realize the

30
— Input of upsetting cylinder

I Output of upsetting cylinder

20

Displacement of upsetting cylinder s (mm)

Time (s)
(a) Motion curve of upsetting cylinder

10
|l  — Velocity of upsetting cylinder

g Velocity of bending cylinder

Velocity v(mm/s)
i
T

Time(s)

(¢) Velocity curves of upsetting and bending cylinders

real-time output of the system control quantity and on-
line acquisition of the experimental data.

3.2 Coordination control strategy verification

In order to verify the correctness of the master-
slave PID coordination control strategy based on the ve-
locity feed-forward, the follow error of both the PID
controller and the master-slave PID coordination control
strategy based on the velocity feed-forward is com-
pared.

The coordination experiment curve under PID con-
trol is shown in Fig. 11. The coordination experiment
curve under master-slave PID control based on velocity
feed-forward is shown in Fig. 12.

As shown in Fig. 11 (a), Fig. 11 (b) and
Fig.12(a), Fig. 12(b), it is known that when the up-
setting cylinder is input to the slope signal, the output
displacement signal of the upsetting cylinder is matched
and then input to the bending cylinder to achieve the
coordination motion.

The velocity curves of the upsetting and bending
cylinders in Fig. 11 (¢) and Fig. 12(c) show that the
input signal of the bending cylinder is divided into 3
stages. The displacement matching of Fig. 2 is real-

ized.

Input of bending cylinder
====Output of bending cylinder

15

10 -

Displacement of bending cylinder s (mm)

Time (s)

(b) The coordination motion curve of bending cylinder

=

—_

™)
1

=

=]

v=1
T

Coordinated following error e(mm)

ob——t )
0
Time(s)
(d) The following error curve of bending cylinder’ s

the coordination motion

Fig.11 Coordination experiment curve under PID control
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Fig.12 Coordination experiment curve under master-slave PID control based on velocity feed-forward

As shown in Fig. 11(d) and Fig. 12(d) , the fol-
lowing error of the bending cylinder increases gradually
in the first stage under the PID controller. The maxi-
mum following error value is 0. 031 mm. The maximum
following error value of the master-slave PID control
strategy based on the velocity feed-forward is
0.01 mm.

In the second stage, the bending cylinder stops
moving. The displacement of the bending cylinder with
the PID controller is fluctuant. The second stage fol-
lowing error is close to zero and has no fluctuation with
the master-slave PID control strategy based on the ve-
locity feed-forward.

In the third stage, the bending cylinder has the
largest velocity. Under the PID controller, the follow-
ing error increases. The maximum value is 0. 06 mm.
However, the following error with the master-slave PID
control strategy based on velocity feed-forward is basi-
cally the same as that of the first stage, with a maxi-
mum value of 0. 01 mm.

It can be seen from the following error curve that,
the following error fluctuates less in the master-slave
PID control strategy based on the velocity feed-forward
compared to the PID control. The coordination preci-
sion of the 2 hydraulic cylinders is higher, that is, the
bending cylinder can better follow the output signal af-

ter the upsetting cylinder position matching. The mas-
ter-slave PID control strategy based on velocity feed-
forward can reduce the following error of coordination
motion effectively.

4 Conclusion

The mathematical model of the upsetting and ben-
ding system based on the crankshaft forging hydraulic
press is set up. The master-slave PID coordination con-
trol strategy based on velocity feed-forward is construc-
ted. The coordination control experiment rig is built to
test the above control strategy. The experimental re-
sults show that the maximum following error value of
the master-slave PID control strategy based on the ve-
locity feed-forward is 0.01 mm and the second stage
following error has no fluctuation. The maximum track-
ing error of the coordination control strategy is reduced
by 66% compared with the traditional PID controller.
The precision of the coordination motion is improved

effectively under the control strategy.
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