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Abstract 
 
This paper deals with the issue of robust motion control of a clamp-cylinder for injection moulding machines driven 

by a pair of speed-controlled fixed displacement pumps. As a fundamental step prior to tracking controller design, a 
feedback control system is suggested by implementing a position control loop in parallel with a system pressure control 
loop. A discrete-time sliding mode control scheme is developed for enhancing the tracking performance under inherent 
nonlinearities. Consequently, a significant reduction in tracking error is achieved for both position and pressure control 
applications.  
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1. Introduction 

Energy-saving issues in injection moulding ma-
chines [1-5] have brought forth direct pump control 
as an efficient way to drive a clamp-cylinder by 
replacing the directional control valve. Also, users 
of new energy-saving hydraulic drives may be 
strongly interested in the basic features of the over-
all system as well as operating efficiency or noise 
characteristics. The overall system includes a hy-
draulic pump, cylinder, and control electronics. 
Therefore, besides the research of components in 
itself, the development and research of an appropri-
ate cylinder circuit is basically important for 
broadly utilized energy-saving hydraulic drive sys-
tems [6, 7]. Direct pump control of a differential 
cylinder-load system is preferred due to its conven-
ience in view of system assembling process and its 
capability of generating high force in extending 

motion. However, it is necessary to compensate for 
the different volumetric flow rate due to piston area 
ratio. In this paper, a pair of speed-controlled fixed 
displacement pumps are utilized to drive a differen-
tial cylinder for clamping. Prior to tracking control-
ler design, mathematical modeling and analysis of 
the overall system is performed. The clamp-
cylinder for injection moulding may be required to 
perform under a variety of operating conditions; 
therefore robust control performance is important, 
particularly in trajectory tracking control applica-
tions. Recently, one of the authors of this paper 
presented a sliding mode tracking control scheme in 
combination with a nonlinear friction compensator 
[8]. This paper intends to show how the injection-
moulding clamp-cylinder drives, consisting of AC 
servomotor, speed-controlled fixed displacement 
pump, differential cylinder, toggle clamp system, 
behave under the sliding mode tracking control 
scheme. A sliding mode controller combining feed-
back control scheme with velocity feedforward is 
developed for compensation of inherent nonlineari-
ties and modeling error. Section 2 shows an over-
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view of feedback control structure with electric-
hydrostatic system. Section 3 describes mathemati-
cal modeling and analysis for a clamp-cylinder 
drive system with its operating principles. Section 4 
describes the design process of sliding mode track-
ing controller combining feedback control scheme 
with velocity feedforward. Section 5 describes 
computer simulation results, and Section 6 con-
cludes. 
 

2. Feedback control of electric-hydrostatic system 

The electric–hydrostatic system around a toggle-
operated clamp is shown in Fig. 1. The differential 
cylinder is driven by a pair of speed-controlled fixed 
displacement pumps, which are combined with AC 
servomotors independently. With reference to model 
in Fig. 1, the maximum clamping force is 1200kN. 
The main advantage of this drive scheme lies in the 
insensitivity of cylinder velocity to load pressure 
change, in addition to the capability of load pressure 
amplification according to pump revolution number.  
Fig. 2 shows the feedback control structure based 
on Fig. 1 for a clamp-cylinder in a plastics injection 
moulding machine, which operates on the principle 
of rapid extension. Cylinder velocity and accelera-
tion is controlled by pump 2, and the flow rate dif-
ference induced by the piston area characteristics of 
differential cylinder is compensated by pump 1. 
During extending motion, pump 1 delivers oil to the 
cylinder chamber and during retracting motion, the 
excess flow rate returns to tank. While two pumps 
operate approximately under the same revolution, 
the flexibility of this control method is enhanced by 
two independent control variables 1 2, .n n Both 
chambers of the cylinder maintain a desired state 
without additional hydraulic components, which is 
accomplished by employing an appropriate control 
method. For the purpose of overall system control, 
both the position controller and pressure controller 
are used simultaneously. While the cylinder is op-
erating, the sum pressure, i.e., the sum of pressures 
in both chambers, is controlled. Output values of 
pressure and position controller are added and then 
they are used to drive both pumps. In this control 
structure, the change of leakage value, which depe- 

nds on temperature and wear condition, may be 
compensated in itself. Piston balance may be ac-
complished by increasing the system pressure level 
during working cycle, and thus the dynamic charac- 

  
Fig.  1.  Schematic of electric-hydrostatic system around a 
toggle-operated clamp. 
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Fig.  2.  Feedback control structure for clamp-cylinder drives 

 
teristics of the driving system are enhanced to es-
sentially improve the control performance. 

Under the control method described above, the 
driving system operates similarly as a valve-
controlled system. The pressure control system 
maintains the sum pressure constant under the addi-
tional load increase or during the acceleration mode 
of the piston.  

During these periods the absolute value of each 
pressure in both chambers changes in the opposite 
direction, and thus the balance of the external load 
is maintained or the piston rod is accelerated. Based 
on these advantageous features, the analysis of po-
sition control is to be performed under system pres-
sure control. 
 

3. Modeling and analysis of pump-cylinder 
clamping unit 

As a subsystem of the electric–hydrostatic sys-
tem in Fig. 2, the pump-cylinder drives with pa-
rameters are shown in Fig. 3. The number of revo-
lutions of both pumps is derived by using piston 
area characteristics /A BA Aϕ =  and leakage fac-
tor γ , assuming that volumetric displacements are 
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equal: 1 2V V= . The leakage factor shows a relation-
ship between the number of revolutions of both 
pumps in accordance with leakage characteristics of 
the overall system. 

 
1̂ ( 1)n ϕ= − 2n̂  (1) 

1 2n nγ= ⋅   (2)  
 
The piston area characteristics as well as the 

leakage factor are concerned with control parame-
ters of the position and pressure control system 
described in Fig. 2 of Section 2. The leakage factor 
is obtained under active pressure control, and it is 
derived by adjusting the revolution characteristics 
of the pump to leakage behavior under no load con-
dition. This enables avoiding cylinder drift, for 
which the position control system needs to compen-
sate. Eventually, the accuracy of this drive system 
is enhanced. The command for revolution number 
of each pump, i.e. , ( 1,2)i in = is composed of control 
values ( 1,2)ˆi in = and ( 1,2) ,i in = which are derived  from 
the position control system and pressure control 
system, respectively. 

 
1 1 1ˆn n n= + , 2 2 2ˆn n n= +   (3)  

 
To describe the static and dynamic characteristics, 

the parameters shown in Fig. 3 are used, in which 
the following equations hold. 

 
s A Bp p p= +   (4) 

L A Bp p pϕ= ⋅ −   (5)  
 
The leakage factor γ is derived from the continu-

ity equation of cylinder chambers A and B under no 
load condition 0Lp =  and piston velocity 0x = . 

 
Fig. 3. Parameters of pump-cylinder drives. 

1 1 2 1( ) ( )Li B A L LeA An V C p p C C p n V+ − = + +  (6) 

2 1 ( )Li A B LeB Bn V C p p C p= − +     (7)  
 
From the definition of sum pressure Sp , the pres-

sure Ap , Bp  becomes.  
 

1
S L

A
p pp
ϕ
+=
+

, 
1

S L
B

p pp ϕ
ϕ
−=
+

  (8) 

 
By letting 0Lp =  in Eqs. (6) and (7) and then 

applying equation (8), the expression for pump 
revolution is obtained as follows. 

 

( )1
1

1
1 1

S
L LeA LeB

pn C C C
V

ϕ
ϕ ϕ
⎡ ⎤

= + +⎢ ⎥+ +⎣ ⎦
  (9) 

2
1

1
1 1

S
Li LeB

pn C C
V

ϕ ϕ
ϕ ϕ
⎡ ⎤−= +⎢ ⎥+ +⎣ ⎦

  (10) 

 
The leakage factor γ is obtained from equations 

(9) and (10). 
 

( )
1

2 1
L LeA LeB

Li LeB

C C Cn
n C C

ϕγ
ϕ ϕ
+ += =
− +

  (11)  

 
In the clamp-cylinder drive system shown in Fig. 

2, the output variables consist of cylinder position 
x and pressure .Sp In practical applications, the 
system pressure normally reaches the desired refer-
ence value before the position controller begins to 
work. While the pressures Ap and Bp change in op-
posite directions, maintaining the pressure differ-
ence required, the sum pressure is always constant. 
Therefore, the position control circuit may be con-
sidered alone. Oil columns in both chambers are 
regarded as oil spring for clamping.  

The following differential equations are em-
ployed to describe dynamic characteristics: 

Newton’s equation of motion:  
 

B L eq LA P m x b x F⋅ = ⋅ + ⋅ +   (12)  

 
Pressure build-up equation in cylinder volume  

VA and VB: 
 

1 1ˆ[oilAA

A

Kdp n V
dt V

=  

2 1ˆ ( ) ( )]A B A Li A L LeAn V xA p p C p C C+ − + − − +   (13) 
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[ ]2 1ˆ ( )oilBB
B B A Li LeB B

B

Kdp xA n V p p C C p
dt V

= − − − −  (14) 

 
From Eqs. (13) and (14), the build-up equation 

for load pressure yields.   
 

L A Bdp dp dp
dt dt dt

ϕ= −   (15)  

 
In the process of substituting Eqs. (1), (8), (13) 

and (14), the leakage due to system pressure Sp  and the volume flow required to maintain equilib-
rium, i.e., 1 1n V , 2 1n V  are not considered.  

 

2 1
4ˆ( 1) ( 1)

1

oilL

B

L LeA LeB Li
B L

Kdp
dt V

C C C Cn V xA pϕ ϕ
ϕ

=

⎡ ⎤⎛ ⎞+ + −+ − + −⎢ ⎥⎜ ⎟+⎝ ⎠⎣ ⎦

    

 (16) 
 
The equivalent leakage coefficient depending on 

system load pressure is expressed as follows.  
 

4
1

L LeA LeB Li
Leq

C C C CC
ϕ

+ + −=
+

  (17) 

 
As a result of linearization, a simplified block 

diagram of electric-hydrostatic cylinder drives with 
speed-controlled hydraulic pump is shown in Fig. 4. 
This differential cylinder is considered as a 2nd-
order system with a free integrator. By comparing 
the coefficient with a standard 2nd-order system, the 
natural frequency and damping ratio of hydraulic 
control system is derived. 

 
2( 1)oil Leq B

h
B eq

K bC A

V m

ϕ
ω

⎡ ⎤+ +⎣ ⎦=   (18) 

2
2

( 1)
2 ( 1)

eq oil Leq B
h

oil Leq B
oil Leq B

B eq

m K C bV
D

K bC A
K bC A

V m

ϕ
ϕ

+
=

⎡ ⎤+ +⎣ ⎦⎡ ⎤+ +⎣ ⎦

 

  (19)                       
1

2
( 1)

( 1)
B AC

V
Leq B

A K VK
bC A

ϕ
ϕ

+=
+ +

  (20) 

 
From the block diagram in Fig. 4, we notice that 

electric-hydrostatic differential cylinder drives princi-
pally exhibit the same control structure as a valve- 
controlled system. To enhance the static and dynamic 

Fig. 4. Open-loop configuration under system pressure control. 
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Fig. 5. Closed-loop configuration. 
 
characteristics of the system in Fig. 4, a feedback 
control system is constructed as shown in Fig. 5 by 
installing a position controller with acceleration feed-
back. To investigate the open loop characteristics, 
computer simulations are performed for the circuit 
composed of AC servomotor, pump, differential cyl-
inder, and toggle-operated clamp. Prior to analysis of 
the open loop response, the natural frequency of dif-
ferential cylinder in combination with toggle-operated 
clamp was examined via the process of deriving its 
equivalent mass load on piston rod. Figure 6 shows 
the behavior of natural frequency and equivalent mass 
meq 

according to cylinder displacement. We notice 
that the mechanism of toggle-operated clamp influ-
ences the design parameters. Fig. 7 demonstrates the 
simulation results of open loop response for a range 
of input voltage. The simulation model is composed 
of AC servomotor, pump, differential cylinder, and 
toggle-operated clamp. In the simulation model, the 
dynamics of the AC servomotor has been considered 
as a first-order system with time constant TAC = 0.002 
second and motor constant KAC = 2.58. The transient 
response in velocity waveform shows an under-
damped oscillatory motion with damping ratio Dh = 
0.21 and natural frequency hω = 84.8 rad/s (=13.5 Hz). 
Considering the dynamics of the AC servomotor, it 
may be approximated to a 2nd-order linear model. 
Referring to Fig. 7, when the input is 0.020 volt, the 
displacement shows a saturation phenomenon due to 
a stop at the end of stroke, and correspondingly the 
velocity waveform suddenly drops to zero. 
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Fig. 6. Natural frequency and equivalent mass. 
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Fig. 7. Open loop responses of simulation model. 
 

4. Feedforward tracking control schemes 

In the design and analysis of physical systems, the 
continuous-time approach is known to be effective for 
modeling the inherent characteristics and describing 
the design parameters. On the other hand, a one-chip 
microcontroller is often utilized for industrial applica-
tions, which has motivated the design of a discrete-
time controller for injection moulding clamp-cylinder 
drives.  

To enhance the tracking control performance, a 
discrete-time sliding mode controller combined with 
feedback control schemes is suggested.  

The z-transform with zero-order hold for the minor 
loop in Fig. 5 yields  

 

2 2

1
(1 )( 2 )

Ts
V

AC h h h V pa

Ke
s s T s s D s K K sω ω

−⎧ ⎫−⎪ ⎪Ζ ⋅⎨ ⎬
⎡ ⎤+ + + +⎪ ⎪⎣ ⎦⎩ ⎭  

1
2 2 2

(1 )
(1 )( 2 )

V

AC h h h V pa

Kz
s T s s D s K K sω ω

−
⎧ ⎫⎪ ⎪= − Ζ⎨ ⎬

⎡ ⎤+ + + +⎪ ⎪⎣ ⎦⎩ ⎭

  

 (21a) 
1 1 2 3

0 1 2 3
1 2 3 4

1 2 3 4

( )
1

z b b z b z b z
a z a z a z a z

− − − −

− − − −
+ + +=

+ + + +
  (21b) 

1 1

1
( )

( )
z B z

A z

− −

−=   (21c) 
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)(

1

1

−

−−
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dz−
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sK

sΦ

pxK
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Fig. 8. Block diagram for sliding mode control. 

 
The coefficients, ( 1~4)i ia = and ( 0~3)i ib = are functions 

of , , ,pa V AC hK K T D , and hω . It may be expressed in 
general input-output form as follows: 

 
1

1
( )( ) ( ) ( )

( )

dz B zx k u k k
A z

η
− −

−= + .  (22)  

 
In Eq. (22), ( )u k and ( )x k are the measurable input 

and output, respectively, and ( )kη  represents a 
modeling error. In this paper, in order to compensate 
for the inherent nonlinearities and to achieve robust 
tracking control, a discrete-time sliding mode tracking 
control scheme is adopted. The control scheme com-
bines feedback control with a discrete time version of 
sliding mode control. The block diagram for the de-
sign of discrete-time sliding mode controller is shown 
in Fig. 8. 

If there exists no modeling error, i.e., ( ) 0,kη =  
the control law for perfect tracking can be obtained 
by letting the tracking error satisfy  

 
( ) ( ) 0refx k d x k d+ − + = .  (23)  

 
From Eqs. (22) and (23), the control error signal 

becomes under velocity feedforward. 
 

( ) ( )
( ) ( ) ( ) ( )

1
1

1

1
ref ref

px

A z
e k x k d G z x k d

K B z

−
−

−

⎡ ⎤
⎢ ⎥= ⋅ ⋅ + − ⋅ +
⎢ ⎥
⎣ ⎦

   

 (24) 
 
Where the transfer function for velocity feedfor-

ward is as follows 
 

( )1 11 (1 )d
vfG z z K z

T
− − −= ⋅ ⋅ − . 
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However, with ( ) 0kη ≠ the requirement set by Eq. 
(23) cannot be achieved by using the control law 
given by Eq. (24). To compensate for modeling error 
a sliding surface is introduced, as defined by Eq. (25). 

 
( ) ( ) ( )refs k x k x k= − .  (25) 

 
Both outside and inside the boundary layer, the 

control law given by Eq. (24) is now modified to 
become 

 

( ) ( )
( )
( )

( ) ( )}

1

1

1

1

( )( )

px

ref s
s

ref

A z
e k

K B z

s ks k x k d K sat

G z x k d

−

−

−

⎧⎪= ⋅ ⋅⎨
⎪⎩

⎡ ⎤⎛ ⎞
+ + −⎢ ⎥⎜ ⎟Φ⎢ ⎥⎝ ⎠⎣ ⎦

− ⋅ +

  (26)                                  

 
Where 
 

( )
( )

( ) ( )

( )

1 for  

sat for  

1 for  

s

s s
s s

s

s k

s k s k
s k

s k

⎧+ Φ ≤
⎪

⎛ ⎞ ⎪= −Φ < < Φ⎜ ⎟ ⎨Φ Φ⎝ ⎠ ⎪
⎪− ≤ −Φ⎩

 
Notice that from Eqs. (25) and (26), the sliding 

function ( )s k  satisfies, 
 

( )( ) ( ) ( )s
s

s ks k d s k K sat k dη
⎛ ⎞

+ = − + +⎜ ⎟Φ⎝ ⎠
. (27) 

 
Inside the sliding boundary layer, the s-dynamics 

become: 
 

( ) 1 ( ) ( )s

s

Ks k d s k k dη
⎛ ⎞

+ = − + +⎜ ⎟Φ⎝ ⎠
  (28) 

 
Eq. (28) shows a first-order filter with input ( )k dη +  

and eigenvalue λ  
 

1 s

s

K λ− =
Φ

.  (29) 

 
The parameter sΦ determines the size of the bound-

ary layer around ( )s k = 0. The boundary layer pro-
vides robustness against modeling error. The model-
ing error which ultimately affects the tracking per- 

Table 1. Control method classification. 
 

 P-control Velocity 
feedforward 

Position -
sliding   
mode 

Pressure
sliding 
mode 

Control 1 O    

Control 2 O O   

Control 3a O O O  

Control 3b O O O O 

 
formance is diluted in the sliding boundary layer by 
way of saturation function, which results in robust-
ness increase. Proof of the convergence of this 
scheme and a discussion on the selection of Ks 
and sΦ is given by Cho [9]. The control methods 
adopted are listed in Table 1. Sliding mode control is 
applied to position and pressure control loop, respec-
tively. 
 

5. Computer simulation and discussions 

Computer simulations are performed according 
to control methods described in Table 1. 
Component parameters and controller parameters 
for simulation are shown in Table 2 and Table 3, 
respectively. The gain in P-controller has been 
determined from simulation of step responses. The 
maximum gain in P-controller that does not yield an 
oscillatory motion has been adopted. The velocity 
feedforward gain has been derived, based on open 
loop gain which has been formulated algebraically 
to be unity. Eighty percent weighting to the normal-
ized open loop gain, i.e., 0.8 has been chosen fi-
nally for velocity feedforward gain considering 
tracking performance. The parameters in sliding 
mode controller are determined by using equation 
(29) based on eigenvalue λ = 0.5. Boundary layer 
width is provided to avoid chattering. As an exter-
nal load for simulation of clamp-cylinder drives, a 
3D toggle system has been constructed through 
multibody dynamics module in ITI SimulationX. 
Reference trajectories are generated according to 
the process in the motion of the mold as shown in 
Fig. 9. In order to investigate the trajectory tracking 
performance under different modes, the reference 
trajectory is formulated by combining acceleration 
mode, constant speed mode, deceleration mode and 
stopping mode. The reference displacement is used 
for command input signal in trajectory tracking 
control. It is required to achieve position tracking 
error near zero at the final stage of clamping force 
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build-up process to prevent burr formation, and also 
it is needed to achieve pressure tracking error 
within 10% of the reference system pressure for 
high quality products. In simulation, the informa-
tion of load pressure is utilized for obtaining accel-
eration. Simulation results of three control schemes, 
i.e., control 1, control 2, and control 3a, are shown 
in Fig. 10. From Fig. 10 we may notice that veloc-
ity feedforward control speeds up the response to a 
certain degree. However, it does not reach a perfect 
tracking. By combining a sliding mode scheme in 
position control loop, a significant reduction in 
tracking error is achieved. Especially during the 
period from 0.58 second to 0.60 second, which 
corresponds to the final process of clamping force 
build-up and is also important for preventing burr 
formation, the tracking error reaches near zero by a 
position sliding mode control. Next, sliding mode 
control is applied to the position control loop and 
system pressure control loop simultaneously. The 
corresponding simulation results are shown in Fig. 
11, where the reference system pressure is constant 
at 240bar. From Fig. 11, we notice that control 3a 
and control 3b show the same tendency in view of 
position tracking control. However, in view of pres-
sure tracking control, control 3b shows a far better 
response than control 3a. 

 
 
 

Table 2. Component parameters for simulation. 
 

Parameters value 

Piston diameter 90 mm 
Cylinder 

Rod diameter 65 mm 

Volumetric displacement 
1 2( )V V=  50 cm3 

Volumetric efficiency 90 % Pump 

Mechanical efficiency 90 % 

 
 
 
Table 3. Controller parameters for simulation. 
 

P-control Velocity  
feedforward 

Position- 
sliding mode 

Pressure- 
sliding mode

Kpx = 18 Kvf = 0.8 Ks = 5 
sΦ = 10 

Ks = 3.5 
sΦ = 7 

 

Fig. 12 shows the angular velocity of the AC ser-
vomotor and cylinder chamber pressure under con-
trol 3b. The motor starts according to the reference 
desired trajectory in Fig. 9. So a slope at transient 
response may be expected with its dynamics con-
sidered. During most of the simulation, the pres-
sures Ap and Bp change in opposite directions ac-
cording to load. Due to the inherent characteristics 
of maintaining the system pressure, i.e., sum pres-
sure constant, both cylinder capacities are pressur-
ized and operate as active oil-spring, through which 
a high dynamic is achieved. It is remarkable that a 
differential cylinder driven by electric-hydrostatic 
system shows characteristics of a valve-controlled 

 
 
 

 
Fig. 9. Reference trajectory for cylinder rod. 
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Fig. 10. Comparison of output trajectories. 
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(a) Position tracking performance 
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(b) Pressure tracking performance 

 
Fig. 11. Comparison of sliding mode controls. 
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Fig. 12. AC servomotor velocity and chamber pressure (con-
trol 3b). 

 
system. The function of a system pressure control, i.e., 
the coupling of both pump revolution numbers corre-
sponds to a mechanical coupling of control edge in a 
valve. Fig. 13 shows the behavior of clamping force 
build-up processes. When a sliding-mode control 
scheme is applied, the clamping force takes the form 
of tooth-like shape favorable for clamping and also 
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Fig. 13. Comparison of clamping force build-up processes. 

 
the magnitude of clamping force increases. We are 
now preparing experiments to validate computer 
simulation and the result will appear in the near future. 
 

6. Conclusions 

Mathematical modeling and analysis are performed 
for a clamp-cylinder of injection moulding machines 
driven by a pair of speed-controlled fixed displace-
ment pumps. A feedback control system has been 
constructed for a position control loop and pressure 
control loop, respectively. A sliding mode tracking 
controller is designed in combination with a velocity 
feedforward loop for enhancing tracking performance. 
Control performance is compared in view of position 
and pressure tracking by means of computer simula-
tion. When sliding mode control has been applied to 
position control loop, position tracking error has been 
decreased markedly. When sliding mode control has 
been applied to both position and pressure control 
loop, significant reduction in pressure tracking error 
has been achieved especially where the position track-
ing error remains almost the same. Simulation results 
show that a differential cylinder driven by AC servo-
motor-hydraulic pump shows characteristics of a 
valve-controlled system. It is also shown that sliding 
mode control may be utilized efficiently for clamping 
force build-up.  
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Notation--------------------------------------------------------------------- 

AA , BA  : Piston areas of head side and rod side 
LC , LiC   : Total leakage coefficient and internal  

 leakage coefficient 
,LeAC LeBC  : External leakage coefficients at  

 connections A and B 
pxK paK   : Proportional gain of position controller  

 and acceleration feedback gain 
psK  : Proportional gain of pressure controller 
,sK vfK  : Sliding mode controller gain and velocity  

 feedforward gain 
1V , 2V    : Volumetric displacements of pump 1 and  

 pump 2 
,AV BV    : Volumes of cylinder chamber A and B 
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