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ABSTRACT
In this work an industrial hydraulic injection moulding ma-

chine, is retrofitted with a electro-hydraulic variable-speed drive.
The focus is placed on the injection cylinder, where the design of
the hydraulic system is realized with standard components. The
design is based on two permanent magnet synchronous motors
connected to two fixed displacement pumps, allowing the con-
trol of the injection cylinder without the need for valves in the
flow path, removing the dynamic influence of a valve and reduc-
ing throttle losses. The controller structure is designed from a
model-based approach, where the electric motors and associated
drives are operated in speed control modes. A sum and load
pressure decoupling control structure is proposed, enabling the
use of SISO control design for the pressure level and the load
pressure separately. For the latter, a cascaded hydraulic drive
controller structure is proposed, where the inner loop consists
of a pressure controller, and the second and third loop consists
of a velocity and position controller respectively. A method to
smoothly switch from velocity to pressure control is furthermore
proposed. Experimental results comparing injection cycles of an
industrial injection moulding machine and the retrofitted injec-
tion drive and proposed control are presented.
Keywords: Electro-Hydraulic Variable-Speed Drive, Refer-
ence Switchover, Injection Moulding, Motion and Pressure
Control

1. INTRODUCTION
The realizable bandwidth of a control system depends on

the design of the system. Injection moulding machines are his-
torically hydraulic driven, however in the last couple of decades
electric machines are expanding in volume. The electric ma-
chines are marketed on performance related to speed, accuracy
and energy consumption, which are important parameters in in-
jection moulding [1]. An increase in speed can decrease cycle
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time, hence increasing the productivity. A desire of narrower
tolerances in the produced part furthermore drives the demand
for accuracy as it is expected that an increase in machine accu-
racy increases the part tolerances [2]. The primary benefit of
hydraulic machines is the possibility of a higher power density
and a cost-effective linear motion with hydraulic cylinders [3].
This is also seen as the purchasing cost of a hydraulic injec-
tion moulding machine is less compared to electrical machines
according to [1]. The main focus of this paper is to examine
the possibility of transferring the benefits of electric injection
moulding machines to hydraulic moulding machines by employ-
ing electro-hydraulic variable-speed drives for the injection unit.
While electro-hydraulic variable-speed drives are acknowledged
for their energy efficiency [4], it is important to note that an
in-depth investigation of energy efficiency lies beyond the scope
of this study. The primary motivation behind this research is
to assess if the benefits observed in electric moulding machines
are transferable to hydraulic moulding machines using standard
hydraulic components including feedback control of said compo-
nents.

The type of hydraulic drive considered in this paper is clas-
sified within the field of electro-hydraulic variable-speed drives
[5]. In this area various single cylinder drives with one or sev-
eral pumps have been proposed and their properties considered
in various ways [6–10], and also multi cylinder electro-hydraulic
variable-speed drives are currently emerging [4, 11].

A hydraulic industrial state of the art injection moulding ma-
chine (SOA) is retrofitted with a dual pump drive (DPD), which
essentially is a electro-hydraulic variable-speed drive shown in
Fig. 1. This work focuses on a speed variable drive for an
asymmetric cylinder. The design enables the possibility to in-
crease the bandwidth compared to a valve controlled hydraulic
injection moulding machine. In the design of the hydraulic sys-
tem, the focus has been on removing throttle losses, which means
that no valves are installed in the flow path between pumps and
cylinder. The only valves in the flow path are check valves that
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FIGURE 1: HYDRAULIC SCHEMATIC OF RETROFITTED SYSTEM.

FIGURE 2: SIMPLIFIED HYDRAULIC SCHEMATIC OF
RETROFITTED SYSTEM.

work as anti-cavitation safety. These valves operate with a small
pressure drop, resulting in a small loss of efficiency. It is fur-
thermore a focus to ensure individual control of both high- and
low-pressure chambers of the injection cylinder, which is en-
sured using two motors and pumps. To minimise the size of
pump B, the pump is connected between the high pressure and
low pressure chamber, ensuring the pump only needs to account
for the differential in volume between high and low pressure
side. The sketch of the system can be seen in Fig. 1. A set
of ball valves makes it possible to switch between the DPD and
the SOA machine. The system can operate in four quadrant
mode; however, both check valves and pressure relief valves will
not be utilised in normal operation. The mentioned valves are
𝑄𝑃𝑅𝐵, 𝑄𝐶𝑉𝐵𝑆 , 𝑄𝑃𝑅𝐴, 𝑄𝐶𝑉𝐴𝑅, 𝑄𝐶𝑉𝐴𝑃 and 𝑄𝐶𝑉𝐴𝑆 . A simpli-
fied sketch of the system can be seen in Fig. 2.

The injection moulding process consists of multiple steps in
order to push the molten plastic into the cavity inside the mould.
With respect to the injection cylinder, the first step is to control the
velocity of the ram, while filling the muold. When the mould is
99% full it is necessary to switch to pressure control in a smooth
manner. The pressure control is kept at a constant reference until
there is no flow into the mould. The machine should be capable of
running with a wide range of moulds and materials that require
robust controller design. Modeling and control of the system
are based on physically motivated design principles following
the methodology described in [4], as opposed to sophisticated
algorithms like [12–14].

The system is a multi-input system due to the two controllable
electric motors and a single output system being either the pres-
sure, velocity, or position. It is desired to decouple the two motor
inputs to allow SISO control of the load pressure and the sum
pressure in the cylinder chamber. A cascaded control structure is
proposed with an inner pressure controller and an outer motion
controller. Lastly, a switchover method is described, switching
from velocity to pressure control; however, the proposed struc-
ture enables the possibility to switch bidirectionally between two
generic references smoothly.

2. SYSTEM MODEL
The system is modelled only considering the components

used in normal operation, as seen in Fig. 2. The external force on
the cylinder is dependent on material and mould, and will therefor
vary. For the design of controllers the external force is seen as
a disturbance. The pressure dynamics for chambers A and B are
given by Eqs. (1) and (2).

𝑝̇𝐴 =
𝛽𝐴

𝑉𝐴
(𝑄𝐴 −𝑄𝐵 −𝑄𝐿𝑐 + 𝐴𝐴𝑥̇) (1)

𝑝̇𝐵 =
𝛽𝐵

𝑉𝐵
(𝑄𝐵 +𝑄𝐿𝑐 − 𝐴𝐵𝑥̇) (2)

Where 𝐴𝐴 = 7.8 ·10−3 m2 and 𝐴𝐵 = 2.7 ·10−3 m2 is the effective
area of the piston for each chamber. 𝑄𝐿𝑐 = 𝐶𝐿𝑐 (𝑝𝐴 − 𝑝𝐵),
𝐶𝐿𝑐 · 10−16 m3/Pa is the leakage across the cylinder piston from
volume A to B. 𝛽𝐴 and 𝛽𝐵 is the bulk modulus of the oil. 𝑉𝐴 and
𝑉𝐵 is the volume of each chamber depending on the position 𝑥
of the piston. 𝑥̇ is the piston velocity. 𝑄𝐴 and 𝑄𝐵 are the pump
flows. The bulk modulus of each chamber is given by Eq. 3.

𝛽𝑛 =

(︃
1
𝛽𝑜𝑖𝑙

+
(︃
𝜖𝑎𝑖𝑟

𝑛𝑜𝑖𝑙 𝑝𝑛

)︃)︃−1
(3)

Where 𝛽𝑜𝑖𝑙 = 9.5 · 109 Pa is the maximum value of the bulk
modulus of the oil. 𝑝𝑛 is the chamber pressure, where 𝑛 = [𝐴, 𝐵].
𝑛𝑜𝑖𝑙 = 1.4 is the polytropic exponent and 𝜖𝑎𝑖𝑟 is given by Eq.

𝜖𝑎𝑖𝑟 = 𝜖𝑎𝑖𝑟 ,0

(︃
𝑝𝑎𝑡𝑚

𝑝𝑛

)︃
(4)

Where 𝜖𝑎𝑖𝑟 ,0 = 0.005 % is the percentage of air in the oil at
atmospheric pressure and 𝑝𝑎𝑡𝑚 = 105 Pa is the atmospheric
pressure. The Volumes 𝑉𝐴 and 𝑉𝐵 are calculated by Eq. (5)

𝑉𝐴 = 𝑉𝐴,𝐼 + 𝐴𝐴(𝐿 − 𝑥), 𝑉𝐵 = 𝑉𝐵,𝐼 + 𝐴𝐵𝑥 (5)

Where 𝑉𝐴,𝐼 = 1.4 · 10−3 m3 and 𝑉𝐵,𝐼 = 1.6 · 10−3 m3. The pump
flows 𝑄𝐴 and 𝑄𝐵 are given by Eq. (6)

𝑄𝐴 = 𝐷𝐴𝜔𝑚𝐴 − 𝑘𝐴𝑄𝐿𝑃𝐴, 𝑄𝐵 = 𝐷𝐵𝜔𝑚𝐵 − 𝑘𝐵𝑄𝐿𝑃𝐵 (6)

Where the pump dicplacemts 𝐷𝐴 = 16 ccm/rev and 𝐷𝐵 = 8.1
ccm/rev. 𝜔𝑚𝐴 and 𝜔𝑚𝐵 is the angular velocity. 𝑄𝐿𝑃𝐴 =

𝑄𝐿𝑃𝐴(𝑝𝐵, 𝑝𝐴, 𝜔𝐴) and 𝑄𝐿𝑃𝐵 = 𝑄𝐿𝑃𝐵 (𝑝𝐵, 𝑝𝐴, 𝜔𝐵) are the in-
ternal leakage in the pump estimated from [15] and scaled ac-
cording to displacement fraction. The scaling is 𝑘𝐴 = 0.592 and
𝑘𝐵 = 0.296. The piston velocity dynamics are given in Eq. (7)

𝑥 =
1
𝑚
(−𝑝𝐴𝐴𝐴 + 𝑝𝐵𝐴𝐵 − 𝐹𝐶 𝑠𝑔𝑛(𝑥̇) − 𝐵𝑣𝑥̇ + 𝐹𝑒𝑥𝑡 ) (7)
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Where𝑚 = 250 kg is the mass of the injection unit, 𝐵𝑣 = 6480N·s
m

is the viscous friction, 𝐹𝐶 = 1241 N is the columb friction and
sgn is the sigmoid function to make the function continues.

The motor dynamics are modelled as a second order system.
Parameters are estimated through the drive software, performing
a range of step inputs to the velocity reference on the drive.
The parameters are estimated to a damping of 0.7 and a natural
frequency of 127 Hz.

3. STATE DECOUPLING
As an injection moulding machine runs with multiple moulds

and materials it is desired to utilise well known and robust con-
trollers that are well understood. Linear SISO controllers are
both well understood and intuitive with respect to tuning and
error handling. To enable SISO control of a multi-input single
output system couplings between actuators needs to be consid-
ered.

3.1 Input Output Coupling Analysis
The interaction of the inputs to the system with the output of

the system can be analyzed using the relative gain array (RGA)
analysis for linear systems. As the system equations are nonlinear,
it is necessary to linearize those before it is possible to perform the
analysis. The leakage across the pumps and piston is neglected.
It is further assumed that the motor velocity loop is sufficiently
fast to neglect the motor dynamics. The linearization is based
on Taylor expansion at an equilibrium point. The state vector is
defined as x =

[︁
𝑥 𝑥̇ 𝑝𝐴 𝑝𝐵

]︁𝑇 . The Taylor expansion for the
chamber pressure gradients are given in eq. Eqs. (8) - (9).

Δ𝑝̇𝐴𝐿 =
𝜕 𝑝̇𝐴

𝜕𝑥

|︁|︁|︁|︁
x0

Δ𝑥 + 𝜕 𝑝̇𝐴
𝜕𝑥̇

|︁|︁|︁|︁
x0

Δ𝑥̇ + 𝜕 𝑝̇𝐴
𝜕𝑝𝐴

|︁|︁|︁|︁
x0

Δ𝑝𝐴 + 𝜕 𝑝̇𝐴
𝜕𝑝𝐵

|︁|︁|︁|︁
x0

Δ𝑝𝐵+

𝜕 𝑝̇𝐴

𝜕𝜔𝐴

|︁|︁|︁|︁
x0

Δ𝜔𝐴 + 𝜕 𝑝̇𝐴

𝜕𝜔𝐵

|︁|︁|︁|︁
x0

Δ𝜔𝐵 (8)

Δ𝑝̇𝐵𝐿 =
𝜕 𝑝̇𝐵

𝜕𝑥

|︁|︁|︁|︁
x0

Δ𝑥 + 𝜕 𝑝̇𝐵
𝜕𝑥̇

|︁|︁|︁|︁
x0

Δ𝑥̇ + 𝜕 𝑝̇𝐵
𝜕𝑝𝐵

|︁|︁|︁|︁
x0

Δ𝑝𝐴 + 𝜕 𝑝̇𝐵
𝜕𝑝𝐵

|︁|︁|︁|︁
x0

Δ𝑝𝐵+

𝜕 𝑝̇𝐵

𝜕𝜔𝐴

|︁|︁|︁|︁
x0

Δ𝜔𝐴 + 𝜕 𝑝̇𝐵

𝜕𝜔𝐵

|︁|︁|︁|︁
x0

Δ𝜔𝐵 (9)

Where x0 = [𝑥0 𝑥̇0 𝑝𝐴0 𝑝𝐵𝑂 𝜔𝐴0 𝜔𝐵0]𝑇 is the equilibrium point.
The cylinder position will vary, to determine 𝑥0 a pole sweep,
and the position with the lowest damping for the 4 combinations
of in and output is used for the coupling analysis corresponding
to 𝑥0 = 𝐿. The controller is designed to maintain a minimum
pressure in the low-pressure chamber, which is 𝑝𝐵𝑂 = 𝑝𝑠𝑒𝑡 . From
this it is possible to calculate the equilibrium point from 𝑝̇𝐴 = 0
and 𝑝̇𝐵 = 0 as Eq. (10).

𝑥0 =𝐿

𝑥̇0 =0

𝑝𝐴0 =
𝐹𝑒𝑥𝑡 + 𝑝𝐵0𝐴𝐵

𝐴𝐴

𝑝𝐵𝑂 =𝑝𝑠𝑒𝑡

𝜔𝐴0 = − 𝐷𝐵𝜔𝐵0
𝐷𝐴

𝜔𝐵0 =0 (10)

10
-1

10
0

10
1

10
2

10
3

 [rad/s]

-10

0

10

R
G

A
 E

le
m

e
n

ts

FIGURE 3: RGA ELEMENTS OF THE ORIGINAL SYSTEM. CHANG-
ING BEST PAIRINGS ARE PRESENT ACROSS THE FREQUENCY
RANGE BETWEEN MOTOR INPUTS AND CHAMBER PRESSURES.

Where 𝐹𝑒𝑥𝑡 = 27000 N and 𝑝𝑠𝑒𝑡 = 30 · 105 Pa. The linearised
chamber volumes are given in Eqs. (11) - (12).

𝑉𝐴,0 = 𝑉𝐴,𝐼 + 𝐴𝐴(𝐿 − 𝑥0) (11)
𝑉𝐵,0 = 𝑉𝐵,𝐼 + 𝐴𝐵𝑥0 (12)

The state space representation of the linear system is derived
based on Eqs. (7)-(12) and given in Eq. (13).

ẋ = Ax + Bu, y = Cx, x =
[︁
𝑥 𝑥̇ 𝑝𝐴 𝑝𝐵

]︁𝑇 (13)

u =
[︁
𝜔𝐴 𝜔𝐵

]︁𝑇
, A =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 0 0

0 −𝐵𝑣

𝑚
− 𝐴𝐴
𝑚

𝐴𝐵

𝑚

0
𝛽0
𝑉𝐴,0

𝐴𝐴 0 0

0 − 𝛽0
𝑉𝑏,0

𝐴𝐵 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
B

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0
0 0

𝛽0
𝑉𝐴,0

𝐷𝐴 − 𝛽0
𝑉𝐴,0

𝐷𝐵

0
𝛽0
𝑉𝐵,0

𝐷𝐵

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, C

[︃
0 0 1 0
0 0 0 1

]︃

Based on the lineariezed coefficients 𝛽0 = 9.5 · 108 Pa, 𝑉𝐴,0 =

1.4 · 10−3 m3 and 𝑉𝐵,0 = 2.0 · 10−3 m3 it is possible to calculate
the transfer function matrix between the input motor velocities
𝜔𝐴 and 𝜔𝐵 and the chamber pressure 𝑝𝐴 and 𝑝𝐵 from Eq. (14).

G = C(𝑠I − A)−1B (14)

The RGA elements are plotted in Fig. 3, showing significant cou-
plings between both motor velocities and the chamber pressures
as expected from the design as e.g. motor B is connected between
the two cylinder chambers. The proposed decoupling strategy is
based on an input and output decoupling, on the nonlinear time
domain model. This takes into account the volume and pressure
variations in the system. The leakage flows are neglected in the
decoupling and considered a disturbance as the leakage flows are
much smaller than the pump flows.
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3.2 Output Decoupling
The output decoupling is created based on two virtual pres-

sures related to force (𝑝𝐿) and pressure level (𝑝𝐻 ) given in Eq.
(15) .

𝑝𝐿 = 𝑝𝐴 − 𝛼𝑝𝐵, 𝑝𝐻 = 𝑝𝐴 + 𝑝𝐵 (15)

Where 𝛼 =
𝐴𝐵

𝐴𝐴
.

4. INPUT DECOUPLING
The input decoupling seeks to calculate the desired speed of

the two motors to control the pressure and motion of the cylinder.
This can be achieved by multiple methods. The input decoupling
strategy is based on a desire for the closed loop pressure dynamics
to behave as first order systems given in Eq. (16).

̇𝑝𝐿 = 𝜔𝐿 (𝑝∗𝐿 − 𝑝𝐿), ̇𝑝𝐻 = 𝜔𝐻 (𝑝∗𝐻 − 𝑝𝐻 ) (16)

Where "•∗" is the reference. 𝜔𝐿 and 𝜔𝐻 is related to the time
constants as 𝜔𝑛 = 1

𝜏𝑛
of the desired first order dynamics, and

should be chosen in the range of 5-10 times below the natural
frequency of the motors eigenfrequency.

The differentiation of the output decoupling given in Eq.
(15) with respect to time is shown in Eq. (17).

𝑝̇𝐿 = 𝑝̇𝐴 − 𝛼𝑝̇𝐵, 𝑝̇∑︁ = 𝑝̇𝐴 + 𝑝̇𝐵 (17)

Using Eqs. (1), (2), (16) and (17) the pressure dynamics can be
rewritten and it is possible to solve for the two pump flows𝑄𝐴 and
𝑄𝐵. If 𝑝∗

𝐿
and 𝑝∗

𝐻
are known and it is possible to measure 𝑝𝐿 , 𝑝𝐻

and 𝑥, the only unknown variables are 𝛽𝐴, 𝛽𝐵 and 𝑥̇. Common
for these are that they are either not possible to measure directly
or prone to noise due to numerical differentiation, however if the
estimated values denoted by "˜︁•" are used the pump flows can be
calculated as given in Eqs. (18) - (21). It is furthermore assumed
that 𝛽𝐴 = 𝛽𝐵 due to the desire of a minimum pressure in the
low-pressure chamber.

𝜔𝐴 = 𝜓1 (−𝑝∗𝐿 + 𝑝𝐿) + 𝜓2 (𝑝∗𝐻 − 𝑝𝐻 ) −
(𝐴𝐴 − 𝐴𝐵)

𝐷𝐴

˜̇𝑥 (18)

𝜔𝐵 = 𝜓3 (𝑝∗𝐿 − 𝑝𝐿) + 𝜓3 (𝑝∗𝐻 − 𝑝𝐻 ) +
𝐴𝐵

𝐷𝐵

˜̇𝑥 (19)

Where

𝜓1 =
𝜔𝐿 (𝑉𝐴 · −𝑉𝐵)𝐴𝐴
𝛽(𝐴𝐴 + 𝐴𝐵)𝐷𝐴

, 𝜓2 =
𝜔𝐻 (𝐴𝐴𝑉𝐵 + 𝐴𝐵𝑉𝐴)

𝛽(𝐴𝐴 + 𝐴𝐵)
(20)

𝜓3 =
𝑉𝐵𝐴𝐴

𝛽(𝐴𝐴 + 𝐴𝐵) ∗ 𝐷𝐵

(21)

It is now possible to calculate the desired pump flows depending
on the load pressure and sum pressure references if the given pa-
rameters are measured and estimated. The measurements should
be low noise and high bandwidth to ensure minimum influence on
the dynamic system. The drawback of the mentioned method is
that the estimated velocity and bulk modulus needs to be known.
The estimation of velocity can be a significant drawback when
running the system in pressure control at speeds different from
approximately zero. A solution could be to estimate the speed

FIGURE 4: CASCADED CONTROLLER STRUCTURE

with e.g. a Kalman filter or sliding-mode observer. A steady
state error can be present as there is no integrator effect if the pa-
rameters of the system is estimated with errors, or the leakage of
the system is large. If it is possible to estimate e.g. the leakage it
could be taken into account when designing the input decoupling.

5. SUM PRESSURE REFERENCE
From the decoupled system it is possible to control the load

pressure and sum pressure. The load pressure is linearly de-
pendent on the cylinder force, and the reference will be based on
either a required force or generated from a motion controller. The
reference for the sum pressure is, however, not as intuitive. It will
be used to control the low pressure side of the cylinder ensuring a
minimum pressure in the system. This is desired to keep the bulk
modulus at a high level, ensuring a stiff system. The sum pressure
reference is constructed to ensure a minimum pressure 𝑝𝑠𝑒𝑡 in the
low pressure side of the cylinder. To ensure high stiffness in the
oil and cylinder, the minimum pressure is chosen to be 𝑝𝑠𝑒𝑡 ≥ 30
bar. The sum pressure reference 𝑃∗

𝐻
is chosen depending on the

pressures in chamber 𝑝𝐴 and 𝑝𝐵 according to Eqs: (22) and (23)

if 𝑝𝐴 ≥ 𝑝𝐵, 𝑃∗
𝐻 = 𝑝𝐴 + 𝑝𝑠𝑒𝑡 (22)

if 𝑝𝐴 < 𝑝𝐵, 𝑃∗
𝐻 = 𝑝𝑠𝑒𝑡 + 𝑝𝐵 (23)

This ensures a pressure of 𝑝𝑠𝑒𝑡 in the low-pressure chamber with-
out any discontinuities in the reference to the controller. This is
in principle a feedback loop that should be taken into account
when accessing stability of the system.

6. MOTION CONTROL
As the velocity trajectory is utilised in the input decoupling it

is important to ensure the trajectory is continues and differentiable
to avoid jumps in the angular motor velocity reference. To ensure
a seamless trajectory, the objective is to achieve a smooth and
differentiable path that begins with a zero initial condition for
position and its derivatives up to the sixth derivative, commonly
referred to as the piston’s "crackle" [16, 17]. . It is also important
to have a well-designed motion controller to ensure tracking of
the desired trajectory.

The motion controller will be based on a position and velocity
controller. The controller will be designed based on a cascaded
controller structure shown in Fig. 4. The benefit of the cascaded
control structure is that it is possible to set the inner loops to a unit
gain, which means 𝑝∗

𝐿
= 𝑝𝐿 . However to enable that assumption

each outer loop needs to be designed so it is 5-10 times slower
than the previous loop. For this setup, the bandwidth of the
load pressure, velocity, and position will be 25, 5 and 1 Hz,
respectively.

6.1 Velocity Controller
Due to the cascaded control structure, it is possible to design

the motion controller based on Eq. (7), however before it is
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desired to rewrite it in terms of the the load pressure 𝑝𝐿 given in
15. The equation is linearized assuming that the external force
(𝐹𝑒𝑥𝑡 ) and the static friction (𝐹𝐶 ) are disturbances to Eq. (24).

𝑥 =
1
𝑚
(𝐴𝐴𝑝𝐿 − 𝐵𝑣𝑥̇) (24)

From the linear expression, the transfer function 𝑥̇
𝑝∗
𝐿

shown in Eq.
(25) can be constructed.

𝑥̇

𝑝∗
𝐿

=
𝐴𝐴

𝑚𝑠 + 𝐵𝑣

(25)

A PI controller is utilised, the control law is stated in Eq. (26).

𝑝∗𝐿 = 𝐾𝑃𝑣 (𝑥̇∗ − 𝑥̇) +
𝐾𝐼𝑣

𝑠
(𝑥̇∗ − 𝑥̇) (26)

The controller constants are designed to achieve a bandwidth of
5 Hz. This may be achieved considering a first order system with
cut of frequency at 5 Hz, see Eq. (27).

𝑥̇

𝑥̇∗
=

𝜔𝑐𝑣

𝑠 + 𝜔𝑐𝑣

(27)

Where 𝜔𝑐𝑣 is the cut-off frequency. Using Eq. (25)-(27) it is
possible to calculate the velocity controller gains to:

𝐾𝑃𝑣 =
𝑚𝜔𝑐𝑣

𝐴𝐴
, 𝐾𝐼𝑣 =

𝐵𝑣𝜔𝑐𝑣

𝐴𝐴
(28)

Effectively, the controller will cancel out the system pole and
ensure the bandwidth is at the desired 5 Hz.

6.2 Position Control
The position contoller is a simple proportional controller due

to the inherent integrator effect when transferring from position
to velocity. The control law can be stated as Eq. (29).

𝑥̇∗ = 𝑟̇ + 𝐾𝑃𝑝 (𝑥∗ − 𝑥) (29)

𝐾𝑃𝑝 is found using a similar approach to determining the con-
troller gains of the velocity PI controller to:

𝐾𝑃𝑝 = 𝜔𝑐𝑝 (30)

𝜔𝑐𝑝 is the cut of frequency of the position controller determined
to 1 Hz.

7. SWITCHOVER
Ensuring a smooth load pressure reference for the full mould-

ing process, is important when enabling the switchover between
the velocity controlled fill phase and the pressure controlled hold-
ing phase, as it where the plastic is packed to create elements with
stable parts [18]. The switchover between two controllers have
some inherent challenges as continues states is needed for this
to be smooth. The bumpless transfer problem is defined by [19]
as the transfer or switch between one closed loop controller to
another acting on a plant. In general two approaches are taken;
one approach is to let the second controller track the first con-
troller, and the second approach is to match the states between
the controllers [19–25] etc.
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FIGURE 5: CONTIUES TIME RESPONSE OF A STEP INPUT TO A
LPF.

The method proposed in this work takes advantage of the
cascaded controller structure shown in Fig. 4. The problem is
as such reduced to creating a continuous reference to the inner
pressure loop controller independent of the finishing point of
the motion controller pressure reference and the starting point of
the pressure controller reference[18]. As any oscillations in the
transition is undesired, the ideal transition would be similar to a
first order response more specifically as a low pass filter (LPF). If
it is possible to design a reference following a first order response
it is furthermore possible to control the settling time before the
new set reference is achieved. First consider a LPF in continues
time shown in Eq. (31).

𝑃∗
𝐿

𝑒
=

𝜔𝑓

𝑠 + 𝜔𝑓

(31)

Where 𝜔𝑓 is the filter cut of frequency. This filter will ensure
a continuous output if it is provided a step input similar to the
switch between the two references. The settling time is directly
correlated to the filter frequency 𝜔𝑓 through 𝑡𝑠𝑒𝑡 = 4

𝜔𝑓
. Figure 5

shows the response of the step change in reference to the proposed
LPF with a first step at 𝑡 = 0 s to a value of 20 and a second step
at 𝑡 = 1 s to a value of 10. The filter frequency 𝜔𝑓 = 10 rad/s. As
expected, the output of the filter is smooth and continues, with a
settling time of approximately 0.4 s. The drawback, however, is
that the filter adds a phase delay to both desired references when
considered in the continues time domain. As it is necessary to
dicretise the LPF for implementation on a e.g. plc, lets consider
the discretised form of the LPF as described in Eq. (32).

𝑝∗𝐿,𝑟 (𝑘) =
𝑒(𝑘)𝜔𝑓𝑇𝑠 + 𝑒(𝑘 − 1)𝜔𝑓𝑇𝑠 − 𝑝∗𝐿 (𝑘 − 1) (𝜔𝑓𝑇𝑠 − 2)

2 + 𝜔𝑓𝑇𝑠
(32)

Where 𝑇𝑠 is the sampling frequency, 𝑒(𝑘) and 𝑒(𝑘 − 1) is the
current input and previous input to the filter. 𝑝∗

𝐿,𝑟
(𝑘) and 𝑃∗

𝐿
(𝑘 −

1) is the current and previous input to the load presssure controller.
In the discrete version of the filter, it is possible to locate

the previous input 𝑃∗
𝐿
(𝑘 − 1) to the load pressure controller, as a

parameter which was not possible in the continues case showcased
in Eq. (31) and Fig. 5 where the parameter was hidden.

This enables the possibility of using two filters as shown in
Fig. 6. It is a simple and robust method to do switchover between
two references to a controller, however if a dynamic reference is
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FIGURE 6: BLOCK DIAGRAM FOR SWITCHOVER APPROACH BE-
TWEEN TWO CONTROLLERS WITH LOW PASS FILTER.

desired it will as discussed introduce a phase delay dependent on
the filter frequency. In the given application, it is not necessary to
switch back to the first reference again, meaning that only LPF2
is utilized, ensuring no phase delay on the motion controller ref-
erence to the load pressure controller. The switchover criteria can
be chosen independently, in injection moulding multiple possible
switchover criteria are proposed. In the work presented here, the
position is chosen as the switchover criterion.

8. EXPERIMENTAL RESULTS
The dual pump drive is retrofitted on the SOA. The retrofit is

constructed from the schematic in Fig. 1. The motors are perma-
nent magnet synchronous motors and the pumps are axial piston
pumps with 9 cylinders each. The controller communicates with
the drives and the analog to digital converters over etherCAT®
with a clock frequency of 2 ms. The pressure controller is first
tested independently, following a no load position and velocity
controller test. Having tested the pressure and velocity controller,
a full load cycle is tested including switchover. This test includes
the unknown load from plastic and mould. Lastly, a comparison
to the SOA and DPD is performed.

8.1 Pressure Control
The pressure control is tested, by moving the cylinder to

𝑥 = 0 mm. A load pressure trajectory is designed that randomly
includes multiple steps in pressure; see Fig. 7a. The test is created
based on step input, as it is seen as the most difficult to handle as
it excites all frequencies in the system. In normal operation, the
machine will not be given step input to either pressure, velocity,
or position controller as described previously. Simulation and
experimental data from the DPD are given in Fig. 7b. The
controller parameters are 𝜔𝐿 = 80 rad/s, 𝜔𝐻 = 60 rad/s, ˜̇𝑥 = 0
m/s, 𝑝𝑠𝑒𝑡 = 30 ·105 Pa and 𝛽𝐴 = 𝛽𝐵 = 9.5 ·108 Pa. Theoretically,
it is possible to design the controller values of 𝜔𝐿 and 𝜔𝐻 in the
range of 160 rad/s, however, due to noise and sample delay in the
physical setup, this is not feasible. In a high gain loop noise will
be amplified rendering the system unstable. The sample delay of
the controller adds additional unmodelled phase to the system,
and if this phase shift becomes too large, the controller becomes
unstable. There is good agreement between experimental and
simulated data. A small steady state error can be seen due to
the leakage of the pump and cylinder, as the leakage terms are
not included in the controller design. It is further seen that the
experimental data have an overshoot depending on the step size.
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(a) Reference to the load pressure controller p∗
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(b) Load pressure pL
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(c) Chamber pressure pA and pB .

FIGURE 7: LOAD PRESSURE CONTROLLER PERFORMANCE.

The overshoot can be caused by multiple things such as model
inaccuracies etc., however it is not a problem in situations where
the pressure is ramped. From Fig. 7c it is observed that the
low-pressure side is always kept at approximately 𝑝𝑠𝑒𝑡 = 30 · 105

Pa.

8.2 Velocity Control
Due to the design of the injection moulding machine, it is

not possible to test the position and velocity controller with a
known force, for that reason a no load velocity control test has
been performed. The cylinder has been placed away from the
ends to ensure that no end effects are present in the experiment.
A trajectory is generated as shown in Fig. 8a. The pressure
controller values are, 𝜔𝐿 = 100 rad/s, 𝜔𝐻 = 80 rad/s, ˜̇𝑥 = 𝑥̇∗𝑐 + 𝑟̇
m/s and 𝛽𝐴 = 𝛽𝐵 = 9.5 · 108 Pa. The position and velocity
controller values are, equal to Eq. (28) and (30) with 𝜔𝑐𝑝 = 2 ∗ 𝜋
rad/s.

The simulation and experimental results are shown in Fig. 8.
It is the velocity that is of interest in injection moulding, for that
reason the plot of the cylinder position is omitted. The position
error is less than 2 mm at all times on the experimental setup.
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Instead, the velocity is an important process parameter. The
experimental and simulated results can be seen in Fig. 8. From
Fig. 8b it is seen that the velocity tracking is good, however, the
physical system does have a delay compared to the simulation.
Considering the error shown in Fig. 8c, it is seen that in the
main part of the trajectory it is less than 1 mm/s for the no load
test. The error is larger in the beginning which possibly could
be reduced by minimizing the jerk limit of the trajectory. Only a
slight change in the chamber pressure is seen in Fig. 8d as there
is no load on the cylinder. The minimum chamber pressures
are equal to 𝑝𝑠𝑒𝑡 . Generally, it can be seen that the controller
has good tracking performance and there is a good agreement
between simulation and experimental results.

8.3 Full Process
The load pressure, level pressure, and motion controller, in-

cluding the switchcover capability between the motion and load
pressure controller, is tested through injection moulding tests.
The load from the molten plastic that is forced into the closed
mould is unknown. The injection moulding trajectory starts
around 30 mm, the cylinder should be velocity controlled un-
til 11 mm, corresponding to the distance it takes to fill the mould.
After filling the mould, the cavities should be after packed util-
ising pressure control. This means that the velocity controller
needs to switch to the pressure controller with a constant pres-
sure reference.
The controller have been tuned due to the dynamics of the load-
ing, it is expected to mainly be from a viscous component of
the external force. The pressure controller values are, 𝜔𝐿 = 100
rad/s, 𝜔𝐻 = 80 rad/s, ˜̇𝑥 = 𝑥̇∗𝑐 + 𝑟̇ and 𝛽𝐴 = 𝛽𝐵 = 9.5 · 108 Pa.
The trajectory is based on velocity of 38 mm/s. The motion con-
troller gains are 𝐾𝐼𝑣 = 38.88 · 107 Pa·𝑠

m , 𝐾𝑃𝑣 = 1.5 · 107 Pa·𝑠
m and

𝐾𝑃𝑝 = 16 s−1. The switchover filter frequency for both 𝑝𝐿 and ˜̇𝑥
are 12 rad/s.

From Fig. 9 the response of the full moulding process
is shown. First note the switchover occuring at approximately
0.75 s. Up to this point, the process is controlled by the motion
controller as recognized in Fig. 9a. The velocity controller ref-
erence stops when the switchover occurs, however, the reference
to the load pressure controller is continues as seen in Fig. 9a-9c.
The velocity controller tracks the reference well on the ramped
section, but has an error when the velocity is supposed to be con-
stant. This is most likely due to external forces that can change
almost instantly due to the mould geometry. After the switchover
it is seen that the pressure follows the reference with almost zero
steady state error. It is possible to change the switchover time
dependent on the filter frequency. In injection moulding, it is
important that the load pressure reference is achieved without an
undershoot, which can occur if the switchover happens at a larger
bandwidth than the controller is capable of. It is seen from Fig.
9b that the reference to the load pressure controller 𝑝∗

𝐿
is smooth

and continues.

8.4 Comparison between DPD and SOA
To compare the SOA and DPD the mould is run with the same

settings on both sets of equipment. The controller parameters are
the same as in Section 8.3. The target velocity before switchover is
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(a) Motion controller trajectory
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(b) Cylinder velocity ẋ .
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(c) Cylinder velocity error.
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(d) Chamber pressures.
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(e) Motor angular velocity.

FIGURE 8: MOTION CONTROLLER PERFORMANCE, EVALUATED
ON THE DPD AND SIMULATION.
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(a) Trajectory

(b) Load pressure (pL ).

(c) Sum pressure (pH ).

(d) Chamber pressures.

(e) Motor angular velocity.

FIGURE 9: POSITION AND VELOCITY CONTROLLER INCL.
SWITCHOVER (SO) FOR THE FULL MOULDING CYCLE.

(a) Velocity.

(b) Trajectory

FIGURE 10: PERFORMANCE COMPARISON BETWEEN DPD AND
SOA.

𝑟̇ = 40 mm/s, and the load pressure reference after the switchover
is 𝑝∗

𝐿
= 45.5 · 105 Pa. The switchover filter cut off frequency

is 𝜔𝑓 = 80 rad/s. The moulding process is adjusted to increase
the difficulty of the switchover by switchover later than desired
meaning the mould approaches 100% full to a lower holding
pressure. This can occur in running production due to change
in the raw material. The load pressure and velocity is seen in
Fig. 10. It can be seen in Fig. 10a that the DPD setup is closer
to the desired velocity in the period before the switchover. It
is also approaching the holding pressure reference without any
undershoot and at a faster rate than the SOA. The controllers and
controller structure of the industrial machine is unknown. Overall
it can be stated that the retrofitted system however shows improved
tracking performance both within velocity control, switchover
and pressure control.

9. CONCLUSION
A retrofit for a hydraulic state of the art injection moulding

machine is designed, enabling motion and load pressure control.
The controller is derived based on a physically motivated model
of the hydraulic system. This enables the control of the pressure
in each chamber, making it possible to ensure a minimum stiff-
ness of the system through the sum pressure controller. Through
decoupling it has been possible to control both the sum pressure
and load pressure with SISO controllers. A motion controller
is designed based on a simple proportional and PI controller.
A smooth trajectory is designed ensuring no sudden jumps oc-
curring in position, velocity, acceleration, jerk, snap or crackle.
The initial condition for all time derivatives are furthermore zero.
All controllers are implemented on the machine and successfully
tested individually. The load pressure controller tracks the ref-
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erence well, even for step inputs up to 30 bar. It furthermore
keeps the low pressure side at the desired pressure level of 30 bar.
Good agreement between simulation and experiment is seen. The
motion controller is first tested in a no load situation, as it is not
enabled to load the injection moulding machine with a well known
force. The simulation and experiment both show good tracking
performance as expected from the design. In the starting ramp
an error of approximately 10 mm/s is seen, however it is fast
decreasing to less than 1 mm/s. The error in the beginning could
probably be minimised by slowing down jerk in the trajectory.
Lastly a test with an injection moulding cycle is shown, where
motion control, switchover and load pressure control is achieved
successfully. In comparison with the SOA machine improve-
ments is seen in all three phases of the process, namely within
velocity control, switchover and pressure control.
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