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Abstract

Energy usage is a fundamental property of injection molding machines. The development of these machines is
accompanied by two contradictory objectives. On the one hand, a producer wants to produce as quickly as
possible, cycle times must be as short as possible, and the number of products produced simultaneously must
be as high as possible. On the other hand, the importance of energy-efficient production is increasing, but it is
contrary to the previous desire. Energy usage in the industry is a hot topic, wherein energy consumption and
grid load are crucial characteristics. The current hydraulic injection molding machine from Stork IMM has a lot
of energy loss and thus consumption in comparison to a full electric molding machine. The electric drive can
recover large amounts of energy by using the motor as a generator during braking phases. However, the electric
drive components are very large to provide required peak powers, resulting in more rotational inertia and costs.
This report examines whether a hybrid drive is technically feasible, wherein the electric drive is constructed
smaller and a separate hydraulic drive assits to provide peak powers.

The research starts with a thorough examination of the current injection molding machines. The current energy
consumption and operating speeds are benchmarks for a new concept. Hereafter, concepts for a hybrid drive are
designed. Considerations concerning the release, recovery, and storage of energy are assiduously examined and
weighed. A calculation model is constructed to properly graph the behavior of the machines with changing
masses, accelerations, and cycle times. In the extensive calculation model, many iterations are done in the
aforementioned changing parameters. Interesting conclusions about energy and power users emerge from the
calculation. The energy efficiency, technical integration, and costs are conclusively the parameters by which
the new concept is compared with the current drive.

In the concept, an electric motor together with a hydraulic motor are mounted in parallel on the gearbox, in
which the rotating movement is linearized with a gear rack. The opening and closing of the mold can be
performed hybrid (fast) or fully electric (energy efficient). Both drives are required during the mold pressing
phase to ensure enough closing power. The recovery of kinetic and rotational energy is carried out purely
electrical. The recovered energy is passed between the electric and hydraulic drive frequency converters,
hereafter the energy is stored in hydraulic accumulators. The new concept in electric mode is just as fast as the
current drive, while half the size of the motor has been used. This reduces the rotational energy demand. In
hybrid mode, the cycle time can be reduced. Energy consumption decreases by 7.7% and the concept has major
consequences for the grid load. The peak return of energy on the grid and the peak usage of the hydraulic system
cancel each other out and the energy is used directly within the limits of the machine. The lowering of the grid
load and energy consumption makes the concept very interesting. Moreover, the concept is roughly equal in
costs and even allows faster operation. In addition, it appeared that the current electrical cycle time can be
reduced by 11 percent. This is just as fast as the hybrid concept in hybrid mode, but much more energy efficient.
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List of symbols and abbreviations

Symbol Description General used unit Unit
A Area m? Meter squared
d Diameter m Meters
E Energy J Joule
F Force N Newton
f Direction - -
I Rotational inertia kg m? Kilogram-meter squared
i Transmission ratio mm rotation™ Millimeters per rotation
| Length m Meters
m Mass kg Kilogram
n Rotation speed rpm Rounds per minute
N Samples - -
p Pressure Pa Pascal
P Power w Watt
Q Volume flow m3 hr! Cubic meter per hour
SF Safety factor - -
T Torque Nm Newton-meter
t Time S Second
v Velocity ms?t Meters per second
vd Volume displacement cc rot? Centiliter per rotation
w Moving average range - -
X Horizontal position m Meters
Y Young’s modulus Pa Pascal
£ Strain - -
o Stress Pa Pascal
w Angular velocity rad s Radians per second
Abbreviation Desciption
CH Crosshead
CPR Common pressure rail
E / Elec. Electric
EH Electric hybrid
H / Hydr. Hydraulic
HH Hydraulic hybrid
HST Hydrostatic transmission
HT Hydraulic transmission
IPM Ideal Physical Model
KERS Kinetic energy recovery system
kin Kinetic
LSP Mobile clamping plate
MA Moving average
PH (E/H) Parallel hybrid (electric/hydraulic)
rot Rotational
SH (E/H) Series hybrid (electric/hydraulic)
Stork IMM Stork Injection Moulding Machines
tot Total
VSP Fixed clamping plate
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1. Introduction

Time and global interests change. Today, energy consumption is a hot topic, also in industry. The reliable, fast,
low mass, and relatively cheap hydraulic injection molding machine has a major disadvantage: a lot more energy
consumption in comparison to the Stork IMM electric injection molding machine. However, the electric
machine also has its disadvantages. A high closing force has to be achieved, so the electric components are big
and robust. This makes the system very expensive and results in parts having high rotational inertias. The
challenge is to design a new energy-efficient drive that is faster and consumes less energy.

The research investigates whether a hybrid drive for the back and forth translation of the mold is technically
feasible. The hybridization must combine the powerful hydraulic advantages with the energy-efficient electric
properties. A hybrid drive results in a lower demand of the electric drive, thus less mass, and a decrease in
rotational inertias. The additional problem is the lack of knowledge on the technical feasibility of a hybrid-
driven concept in this type of machine. So, research must be conducted on hybrid system concept possibilities
and the additional technical feasibility in terms of component costs, energy efficiency, and cycle time. A
potential new concept must perform equally well or better compared to the existing drive. The practical
relevance is evident from the changing demand in the production industry. In addition to the desire of plastic
product manufacturers to produce as quickly as possible, energy consumption and grid load are increasingly
important. The research is conducted based on the following research questions:

What are the current hydraulic and electric drive performances?

What is a suitable hybrid drive concept?

How does a change in motor power affect the system behavior in speed, time, and energy?

What is the technical feasibility of the concept in terms of technical integration in the machine, energy
efficiency, and component costs?

robdbdE

The report starts with an analysis of the current hydraulic and electric driven closing units in chapter 2. In this
phase, current systems are examined by researching system components, control, and performance.
subsequently, chapter 3 investigates the possibilities for a hybrid system by examining the system drive options
and thoroughly looking into potential system solutions. Once a concept has been designed, Chapter 4 elaborates
the dynamic behavior of the machine using a calculation model. Finally, the technical feasibility is examined in
Chapter 5.

Fast and energy-efficient hybrid mold drive 7
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2. Analysis of current closing units

To design a new drive concept that meets the performances of the existing machines, firstly the current machines
must be analyzed. This chapter looks into the working principles, the drive performances, and determines the
requirements of the new drive. In particular, research is conducted on running speeds and energy consumption.
The research is done based on measurements and tested data. The report zooms in chronologically from the
machine, to the closing unit, and the crosshead, as displayed in Figure 2.1.

Figure 2.1, chronological schematization of the subject introduction

2.1 General machine description

All Stork IMM injection molding machines contain two subparts: an injection unit and a closing unit. This
paragraph first takes a brief look at the components of the injection unit. Hereafter, the operation of the locking
unit is discussed. The purpose of the injection unit is to plasticize the plastic granules and inject the liquid,
homogeneous plastic into the mold (Stork IMM, 2021). The injection unit contains an injection nozzle to inject
the fluid, a plasticizing screw driven by an electric motor and gearbox to plasticize the granules, and the control
elements. The control elements refer to the electrical and hydraulic systems.

The hydraulic control elements can be seen in Figure
2.2. The numbered system components are described
in the following summary:

Main motor and pump

Suction filter

Press filter

Pump manifold

Qil cooler

Hydraulic accumulator

Reservoir for hydraulic oil

NooakrwdE

Figure 2.2, Hydraulic system components

The parts of the closing unit are shown in Figure 2.3. The VSP (fixed clamping plate) (3) is the only fixed part
on the frame, and it merges the injection unit (4) to the closing unit. The rear clamping plate (1) is fixed by four
tie-bars (7) to the VSP, but linearly slides on the frame while working. The sliding movement is caused by high
tensile stresses, resulting in stretching tie-bars. The electric drive (8)(9) drives the crosshead (5). The crosshead
can also be driven by a hydraulic cylinder.

1. Rear clamping
plate

2. Mobile clamping
plate (LSP)

3. Fixed clamping

plate (VSP)

. Injection nozzle

. Crosshead

Toggles

Tie-bars

. Electric motor

. Gearbox

RN I e NEVRNN

Figure 2.3, the closing unit

Fast and energy-efficient hybrid mold drive 8
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The toggles (6) are designed to press the molds
forcefully and lock the LSP (moving clamping plate)
(2) on the final reach. This latter described process can
be seen in Figure 2.4, which gives a schematic
representation of the force transmitting mechanism. Figure 2.4, schematic view of the press movement

2.2 Hydraulic closing unit

To thoroughly examine the existing machines, several tests are performed on the machine. The test data is added
in Appendix A. The hydraulic operation data is examined in this paragraph. The goal of the investigation is to
understand the behavior, controls, and power characteristic of the hydraulic machine.

2.2.1 The closing process
The crosshead is driven by, in this case, a hydraulic cylinder. The changeover times are not in the interest of the
research and thus ignored. The crosshead position and velocity during closing and opening can be seen in Figure
2.5 and Figure 2.6 respectively. The dry cycle time (net moving time) is 1.86 seconds.

Hydr.: Crosshead position and velocity - closing Hydr.: Crosshead position and velocity - opening
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Figure 2.5, position and velocity during closing the crosshead Figure 2.6, crosshead position and velocity during opening

The indicated processes are described in the following summary:
1. Mold fully opened, starting position.
Accelerating to close the mold.
Decelerating, slow-closing approach to protect mold and prevent harsh joining.
Mold is already closed, crosshead translates further to lock the mechanical mechanism.
Injection process (injecting, cooling, plasticizing, and decompression).
The crosshead is starting to translate and unlock the mechanical mechanism.
The mold opens, accelerates, and holds speed rearward.
Decelerating to starting position.
The mechanism is fully opened, ejecting the product.

©oN O WD

2.2.2 Controls

The hydraulic cylinder is controlled by a proportional hydraulic valve, whose control voltage fluctuates between
-10 V and 10 V. Also, the system contains a differential switched valve. An activated differential valve is
causing the fluid to directly flow from one side to the other side of the piston, resulting in a fast operation. If
the differential valve is closed, the fluid is rejected to the tank and the system delivers the maximum force. The
latter described processes and the operating pressures during the closing and opening movements can be seen
in Figure 2.7 and Figure 2.8, respectively. The control behavior is indicated by the control valve voltage. The
hydraulic control scheme can be seen in Appendix A.

Fast and energy-efficient hybrid mold drive 9
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Crosshead control and pressure - closing Crosshead control and pressure - opening
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—— Differential valve ——— Control valve voltage —— Differential valve Control valve voltage
Figure 2.7, Crosshead control and pressure during closing Figure 2.8, Crosshead control and pressure during opening

2.2.3  Hydraulic efficiency loss

The hydraulic pump is continuously supplying the hydraulic accumulators, which can deliver a lot of power in
a short period of time. However, not all pressure is required to regulate the system accurately and in a controlled
manner, so the first loss is throttling. Lowering the hydraulic pressure in the batteries to prevent throttling loss
is not an option, the maximum pressure is required at peak loads. Figure 2.7 shows the use of only 40% during
the closing process, losing a significant part of the energy. The throttled energy must also be cooled, this takes
a lot of power too. In addition, the kinetic and spring energy cannot be absorbed with the hydraulic drive. In
truth, energy is needed to absorb these forces. All these factors are causing a low hydraulic efficiency.

2.2.4 Hydraulic drive performances
The pressure and the force are nonlinearly related to the piston diameter. The piston bore of this particular
hydraulic cylinder is 115 mm, the rod diameter is 80 mm. The relation between the force F. and the surface
diameter dp, r is described by equation 1. The power P. can be determined using equation 2.

Fo= Zxp*(dj—d?) (1) P =F.xv, )

The latter determined system properties are graphed in Figure 2.9 and Figure 2.10, respectively. The required
clamping force is 160 kN and the maximum required power is approximately 90 kW.

Hydraulic crosshead force and power - closing Hydraulic crosshead force and power - opening
240,0 - r 180,0 240,0 A r 180,0
200,0 F 150,0 200,0 A F 150,0
160,0 - F 1200 1600 A F 120,0
21_0.0 F 90.0 '; = 120,0 90,0 g.
=} =24 o
> 80.0 F 6005 S 80,0 60,0 =
S o >
g E 5 z
=]
= 400 F 30,04 |~ 400 30,0 g
0,0 - 0.0 0,0 0,0
-40,0 [ -30.0 -40,0 30,0
-80,0 - - -60.0 -80.0 - - -60,0
0 0125 025 0375 05 0625 075 0875 1 1125 125 0 0125 025 0,375 05 0,625 0,75 0,875 1 1,125 1,25
Time [s] Time [s]
Force piston ----- Force rod side Crosshead force Power Force piston ==--- Force rod side Crosshead force Power
Figure 2.9, force and power during closing the crosshead Figure 2.10, Crosshead force and power during opening
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2.3 Electric system and control

A well understanding of the electric drive plays a critical role in the design phase, wherein this electric drive is
redesigned. This paragraph looks into the working principles, is analyzing test data of the electric machine,
performs calculations, and concludes drive requirements.

2.3.1 Electric system working principles
The electrical system consists of, listed starting from the energy grid, a regeneration unit, a frequency inverter,
and an electric motor. Between the steps, the current is filtered and transferred multiple times (KEB Automation
KG, 2016, 2017a). Figure 2.11 shows a schematic overview of the electric system.

Net | Regeneration Frequency Electric
{ unit converter motor

Figure 2.11, Schematic overview of the electric system

Excess kinetic energy is normally dissipated through friction (braking), but this unused energy has a valuable
potential. Using a regenerative unit, the regenerated energy can be fed back into the main power supply line
(KEB Automation KG, 2017b). The position and the speed of the crosshead during closing and opening the
mold, can be seen in Figure 2.12 and Figure 2.13 respectively.

Electric: Crosshead position and velocity - closing Electric: Crosshead position and velocity - open
600 7 r 1200 600 7 r 1200
500 T b 1000 500 — L 1000
400 4 800 400 800
) 2 E g
£ 300 600 £ E 300 F 600
2 5 z
2 200 400 2 | F 200 400 8
=) — =1 3]
[ 2 & =
100 200 100 L 200
04— 0 0 — -0
0 01 02 03 04 05 06 07 08 09 1 11 0 01 02 03 04 05 06 07 08 09 1 L1
Time [s] Time [s]
——DPosition ——Velocity setp velocity ——DPosition ——Velocity setp velocity
Figure 2.12, crosshead position and velocity while closing Figure 2.13, crosshead position and velocity while opening

Since the dynamic behavior is known, the control does not consist of a feedback-based control circuit, but is
feedforward controlled. The desired crosshead speed is calculated to a corresponding motor rotation speed,
which is linearly related to the added current to the motor. The speed follows the setpoint well (with a small
time delay), the electrical velocity phases are equal compared to the hydraulic behavior in Figure 2.5 and Figure
2.6.

During the process, the crosshead (CH) and the mobile clamping plate (LSP) are driven. Phases either require
(+) or generate energy (-), which is schematically shown in Figure 2.14. During deceleration, the LSP is
overhauling. This kinetic type of energy must be braked or smartly reused.

Injection
molding
+ - + + + -

Eror
Eyin_cu + - + + + -
Erotisp + - + -
Estrain + -

Figure 2.14, Energy usage per phase

Fast and energy-efficient hybrid mold drive 11
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2.3.2 Testing data reliability
The measured test data has been converted internally within the 0,02 Scaling factor torque
machine. The conversion factor is known, but is checked to validate | [—=—scaling factor|
the reliability of the experiment. Matlab is used to write a vector gom
analysis code, that compares the data samples with data measured in 3
the correct unit at random intervals. The code is added in Appendix ~ £°*"
B, the results can be seen in Figure 2.15. Besides one unreliable 20-012
outlier and difficult measurable values around 0 Nm, the factor has acé 0.01
been validated as 0.008 [-]. The measured test data is multiplied by . 6|
this factor and further used in the analysis. ‘g —
E’0.00d
§ 0.002 -
%s 0 5 0
Scoop measured torque <104

Figure 2.15, Scaling factor test data

2.3.3  Electric closing unit performance
The used electric motor is a Baumiiller water-cooled three-phase synchronous motor with a nominal power Pnom
of 70 kW. The nominal torque Myom 0f 360 Nm is delivered at a nominal current lnom 0f 135 A. The motor is
overloaded to a maximum Mpax 665 Nm at Inax 0f 300 A (Baumdiller, 2013a, 2013b).

Different performances of the machine can be determined from the test data. The rotation speed of the motor nn,
in rpm can be determined by dividing the crosshead speed v. in m/s by the gear ratio iq of 20,92 mm/rot, shown
in equation 3. The total power Py in KW can be determined by using equation 4.

v:+103 2n
= *

Ny = —— % 60 3), Prot = T * Mt * 2055 (4)

lg
The electric drive is known for its power-demanding inertia. To analyze the net energy on the crosshead, the
rotational energy E:.: must be subtracted from the total energy. The rotation energy in J can be determined using
equation (5). To obtain the rotation power, the energy is differentiated over time. To prevent a noisy graph
characteristic of the data in vector form, a simple moving average is used to analyze the energy. The n, rotational
power Prot ma n Sample is determined using the sum series over N = 12 periods in equation 6.

1

1 1 m 2 _ 1 yN-1@E
Eror = Elma)rzn =2In (T;—O * 27r) f (5), Prot man =5 Zk=0 at nerk (6)

The crosshead force F¢ can either be determined by the crosshead power or the torque, both shown in equation
7. The energy used in a cycle can be determined by integrating the power over time, shown in equation 8.

P 21Ty

1
F. = ve (PtOt - PTOt—MA-") = Prot * i (), Etot, rot, ch = fAt Ptot, rot, ¢ dt 8

The crosshead energy can be subtracted into two minor energy-demanding elements. The Kinetic energy of the
moving parts and the strain energy of the tie-bars, calculated using equation 9 and equation 10, respectively.

2
N 2_ 4 2 __ Fliebar
Ekin = 2k=1 (2 *me * (U — Vg )>n )} Estrain 24Yyoung**Atichar (10)

The calculated time-dependent system properties can be seen in Figure 2.16 and Figure 2.17. A positive or
negative force or power refers to the direction of the variable. A positive value indicates a parameter towards
the crosshead, while a negative value indicates the direction away from the crosshead. The mold is moving

Fast and energy-efficient hybrid mold drive 12
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forward during the closing movement, causing is positive power while accelerating. During opening, the mold
is moving backwards, causing a negative power during acceleration. So, the negative energy during closing and
the positive energy during opening can be regenerated.

Electric: Force and power - closing Electric: Force and power - opening
240 - r 180 240 1 r 180
200 200 150
160 160 120
120 120 4 90
- 80 1 ; _ 80 60 E
£ 907 Z Z 40 A 30 &
=] = S
8 04 5 2 01 o0 2
5 = 5 =
= -40 4 0 £ | = -40 0
-80 -80 60
-120 1 -120 4 -90
-160 -160 A L -120
Regeneratable energy - Regeneratable energy
-200 - - -150 -200 L _150
o 01 02 03 04 05 06 07 08 09 1 1l 0 01 02 03 04 05 06 07 08 09 1 1Ll
Time [s] Time [s]
Force Total power - - --Rotational power Crosshead power Force Total power ==~ -Rotational power Crosshead power
Figure 2.16, Electric force and power while closing Figure 2.17, Electric force and power while opening

2.4 Minimal system performance

In conclusion from the research conducted in this paragraph, the maximum clamping force of the crosshead is
160 kN. The energy can be calculated using the earlier described equation 8. The required energy to perform
one cycle is 32.1 kJ. The electric motor working as a generator during the recovery of Kinetic and rotational
energy is resulting in a energy regeneration of 81% (26.0 kJ). The rotational energy usage has a part of 28.3%
with 9.08 kJ per cycle. The rest of the energy is used for the crosshead, wherein it is subdivided into kinetic
energy, frictional energy loss, and strain energy.

Fast and energy-efficient hybrid mold drive 13
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3.Drive concept design

To design a good concept, the molding machine market and existing patents are researched first. Thereafter, the
process is analyzed and functions are formed. Design parameters are researched, design considerations are
examined using a morphological approach, and a concept is weighted out of three potential options. The general
question answered in this chapter is: What is a suitable hybrid drive concept?

3.1 Market and patent research
Injection molding is an extensively used technique. As a result, there are also many manufacturers of injection
molding machines. The market research looks at striking drives of competitor injection machine manufacturers.

3.1.1 Market research
The three most interesting findings from the market research are listed in the following summary, more about
the market research can be found in Appendix C.

1. In ARBURG machines, the mold opening and closing are servo-electrically driven, the injection and
secondary axis are hydraulically driven (ARBURG GmbH + Co KG, 2021a). Using an electrical drive,
the Kinetic breaking energy can relatively easily be regenerated. The system setup is 40 percent more
energy efficient compared to a fully hydraulic driven machine (ARBURG GmbH + Co KG, 2021b).

1. HAITIAN Plastic Machinery produces full hydraulically driven machines. The hydraulic system
(servomotor + gear pump) is claimed to be 70 percent more energy efficient compared to a classical
hydraulic driven machine. The energy efficiency is achieved by not using accumulators. The direct
drive connection between the servo-motor and the gear pump provides a combination of drive torque
and required acceleration speeds (HAITIAN Plastic Machinery, 2021).

2. The NETSTAL ELIOS is using two additional hydraulic cylinders in addition to the electrical closing
unit drive. The exact working and patent limitations are described in the next paragraph.

3.1.2 Patent limitations
The NETSTAL ELIOS machine is hybrid-driven. The particular type of drive is patented as a United States
patent No.: US 10,112,331 B2 (Angst et al., 2018). The system setup is schematically sketched in Figure 3.1.
The patent limits explicitly prohibit the use of an electric drive operatively connected with the crosshead
together with a hydraulic drive including a piston cylinder which is operated by a pressure fluid (Angst et al.,
2018). The kinetic energy during the braking flows into the electric motor and is converted into hydraulic energy
by the hydraulic cylinders (KraussMaffei, 2021). The operation principle is further described in Appendix C.

Important system elements:

5. Cross clamp

10. electric drive with rod

11. piston cylinder system

13. hydraulic supply

14. control to hydr. and elec.

20-22. hydraulic valves

23. accumulator I
AR I

24, pump 14b 72’ N7 6 15

25. pressure medium source Figure 3.1, schematic overview NETSTAL ELIOS (Angst et al., 2018).

Fast and energy-efficient hybrid mold drive 14
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3.2 Design methodology

A suitable and appropriate design method must be selected for the design of a new closing unit drive. Due to
the objective and the scope of the project, many parameters are out of interest. For example, energetic behavior
is important, but many mechanical aspects are out of scope. At first, all the energy-related functions of the drive
are examined, wherefrom three sub-functions emerge. Solutions are designed for the sub-functions: the behavior
of the system in terms of delivery, recovery, and buffering of energy.

3.2.1 General function diagram
The design of the drive is based on the feed-forward controlled crosshead velocity. The function diagram is
shown in Figure 3.2. A distinction is made in speed characteristics, energy transition, and energy release/supply,
marked in blue, white, and yellow, respectively.

Enet: Epur Epug Evet» Epur Enets Epur Epur Enets Epur Epuy
l Buffering l Buffering l Buffering
. energy . Transforming energy 3 energy
Transforming energy to - Transforming energy to = Transforming energy to
y y energy to )
movement & force movement & force ) . movement & force
movement & force
Energy Energy Energy
recovery recovery recovery

Accel Maintai Decel Build up force & Decelerate CH Hold Unlock & Absorb strain & Accelerate Maintain Decelerate
CH/LSP speed CH/LSP accelerate CH 10 end position mold accelerate CH decelerate CH CH/LSP speed CH/LSP

Mold closing Locking crosshead Molding Unlocking crosshead Mold opening

- Velocity characteristic :l Energy transition :l Energy release / supply
Figure 3.2, system function and energy analysis

3.2.2  Sub-functions
The functions related to energy transitions are summarized to three different basic functions: supplying energy,
generating energy, and storing energy. Separate solutions can be devised for each of these latter described sub-
functions. The sub-functions are shown in Figure 3.3, the figure recurs several times in this chapter and is
constantly being expanded. The sub-functions are analyzed separately in the following three sections.

Delivery of energy  Recovery of energy Storage of energy

Figure 3.3, sub-functions

3.3 Sub-function analysis; Supply of energy
Considering the supply of energy to the system, five possible drive solutions Delivery of energy

are listed in Figure 3.4. However, purely hydraulic and electric are already _
being produced and are therefore not considered. A mechanical drive (usage

of potential or kinetic energy) is judged as technically unfeasible because the [ | Hydraulic
movement/force takes place in two directions and happens in very short [ giecqic

periods. Due to these factors, the research only focuses on a hybrid drive in
terms of an electric and hydraulic combination. Unfeasible concepts are left
out by making these choices in the initial stage of the research. This leaves [ ] Hydraulic / electric in serie
sufficient time to develop a hybrid concept in a logical direction towards a ] Mechanical (potential
promising concept. Concluding, only a combination of electric and hydraulic kinetic)

drives in series or parallel are further analyzed.

[] Hydraulic / electric parallel

Figure 3.4, Delivery of energy
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3.3.1 Hybridization
Generally, in hybrid systems, the braking energy loss is stored in an energy storage device, and the energy is
reused effectively in the system (Chen, 2015). The hydraulic hybrid systems are subdivided into two categories:
Parallel Hybrid (PH) and Series Hybrid (SH) (Ramakrishnan et al., 2012; K. E. Rydberg, 2009; Valente &
Ferreira, 2008). This section covers both topics.

Parallel hybrid

PH allows both the electric motor and the hydraulic motor to deliver torque to the system, both the hydraulic
pump and the electric motor are mounted on a single gearbox that drives a geared rack. The possible
configurations during the displacement of the LSP and the locking process can be seen in Table 3.1. Selecting
the appropriate drive configurations at the right phases can result in different working configurations. The PH
has two impulsion devices, a hydraulic and an electric motor. Also, a smaller-sized electric motor can be used
to obtain the same performance, wherein electric energy storage is worn out more slowly (Burke, 2007; Chan,
2007; Chan et al., 2010). Since the current electric motor on the molding machines is very large, purchase prices
can drop significantly if the motor is slightly lighter in power.

Drive configurations — displacement of the LSP Drive configurations — force build-up
1. Movement purely electric 1. Force build-up purely electric

2. Movement purely hydraulic 2. Force build-up purely hydraulic
3.  Movement hybrid 3. Force build-up hybrid

Table 3.1, drive configurations during force build-up or the displacement of the LSP

Series hybrid

A search of the literature revealed some studies which focused on closed hydraulic circuits in vehicles to recover
breaking energy. Although these processes take much longer than the braking period of the molding machine,
it is worth researching the latest findings. In a series-designed drive, the hydraulic motor is controlled by the
servo-driven hydraulic transmission (HT). A servo-electric drive can directly control the fixed-displacement
hydraulic-pump speed instead of a traditional proportional valve (Tatiana Minav et al., 2014). Various system
structures can be designed in which a combination of (variable) pumps/motors provide the drive.

The pump-controlled hydraulic system is categorized into two different
systems: open-loop circuit type and closed-loop circuit type (Quan et
al., 2014). An open-loop system can be combined with the other
hydraulic systems on the injection machine, thus the system draws its
fluid from the general reservoir and does not need an additional
conditioning system. A secondary-controlled open-loop system is
characterized by a high-pressure coupling, the flow is transferred

without throttling from the primary side. By connecting a hydraulic — AL
. . valve Py .
accumulator on the high-pressure side, energy can be recovered when  uarauic |<3 bt <—  Hydraulic

lowering or decelerating a load (Mahato & Ghoshal, 2020). Thus the "\,
flow and direction of the flow can be changed by controlling the @

Check -
valve

Relief

/(“ A valve
displacement setting of the secondary unit “over zero” (K.-E. Rydberg, T i (o) Accumutaor |} ;
O P y
2007). Figure 3.5 shows an open and a closed-loop system, wherein the 7] Fywhea
inertia and the flywheel represent the kinetic behavior of the LSP. (b)

: P Figure 3.5 (Mahato & Ghoshal, 2020), a.
In a closed hydrostatic transmission (HST), the torque can be Open loop, secondary motor control: b. CPR-

transmitted in both directions, thus allowing hydrostatic braking. High HsT during braking

stiffness, high efficiency, and controllability are the main advantages,

but the need for active pump/motor control and cooling system still requires quite high power consumption (K.-
E. Rydberg, 2007). This system is also known as a common pressure rail system CPR, wherein the system is
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connected by a high-pressure line and a low-pressure line. A high-pressure rail is directly connected with a high-
pressure accumulator, whereas a low-pressure line is connected with the reservoir or a low-pressure
accumulator. The pressure of the system is mainly controlled by the hydraulic pump, whereas the secondary
unit controls the speed of the load by adjusting its displacement (Mahato & Ghoshal, 2020).

The hydraulic motor can either drive the load to accelerate and work as a pump to decelerate and store energy.
Therefore, the rotary load can be controlled by the variable-displacement pump/motor. The accumulator is used
for twin purposes, storing the recovered energy and generating system pressure as per the demand. The stated
control principle is known as Secondary Control (Shen et al., 2013; Vael et al., 2000).

Research establishes that the energy recovery potential is dependent on the displacement of the pump/motor
and varies from 32% to 66% (Mahato & Ghoshal, 2020). An improved CPR system is shown as b. in Figure 3.5
(Do & Ahn, 2011). Simulation results show that the regenerative efficiency of the stated system is about 63.4%
as compared to the conventional HST system (Mahato & Ghoshal, 2020).

3.4 Sub-function analysis; Recovery of energy

It is desirable to recover energy with the same systems used to drive.
Otherwise, additional expensive systems must be added, like a Kinetic energy
recovery system (KERS), making the concept unattractive and unfeasible. In
addition, the recovered energy is re-used by the drives. Therefore only electric
and hydraulic recovery of energy is considered.

Recovery of energy

KERS

.. . . . . Electrical
The basic idea of energy regeneration systems is to convert kinetic and
potential energy to other types of energy (T. Minav et al., 2011). In this [ | Hydraulical
particular case, the kinetic energy of the LSP and the mold can be recovered. Combination electric /
Parallel hybrid and series hybrid drive systems can both be divided into two  ~®*
categories. Namely, series electric hybrid (SHE), parallel electric hybrid
(PEH), series hydraulic hybrid (SHH), and parallel hydraulic hybrid (PHH)
(Mahato & Ghoshal, 2020).

Figure 3.6, Recovery of energy

3.4.1 Electric energy recovery
While lowering a mass in a potential energy recovery system, the potential energy forces a hydraulic motor to
function as a pump, or an electric motor to act as a frequency-converter-controlled generator (T. Minav et al.,
2011). A kinetic energy recovery system works the same, the load is overrunning compared to the controlled
motor. For example, the LSP and the mold must decelerate before the mold closes, but due to the kinetic energy
of the heavy weighting LSP, the rotor in the electromotor is overrunning on the controlling stator. The latter
occurring process is generating a slip between the motor elements, resulting in a torque opposite to the direction
of rotation. This torque can be converted by the motor as reverse current when the motor is used as a generator.

3.4.2 Hydraulic energy recovery
Since the 1990s, combinations of pressure valves, variable displacement pumps, and pump control have
provided opportunities to reduce energy consumption in hydraulic systems (Liang, 2002). The accumulator used
in a HH (hydraulic hybrid) system has high power density as well as faster charging capability of regenerated
energy in comparison to the EH (electrical hybrid) system. Therefore an electrical system can have less energy
recovery efficiency (K. E. Rydberg, 2009). Consideration must be given to the way electricity is reused.
Electrical power is currently being returned to the grid.
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3.5 Sub-function analysis; Storage of energy

Energy regeneration is possible by transferring energy to hydraulic accumulators, Storage of energy
electric batteries (May, 2006), or a combination of different storages such as

super capacitors and flywheels (Cross & Hilton, 2008). A direct application of

the hydraulic accumulator has more limiting factors than the indirect recovery | | Electric buffering
system (Juhala et al., 2009; Sinkkonen et al., 2011), the potential regeneration
pressure from the crosshead is not continuously usable to charge hydraulic
accumulators. However, an indirect recovery system contains more energy Figure 3.7, Storage of energy
transversions and thus drops in efficiencies (Tatiana Minav et al., 2014).

Hydraulic buffering

Because of the relatively short recovery periods on the closing unit (milliseconds), recharging of conventional
lead-acid batteries is considered inefficient (Isidor Buchmann, 2021). Besides, a super-capacitor is another
energy storage device that provides higher power density and life longevity, but more expensive and
comparatively less reliable as compared to the battery (Kim, 2008).

3.6 System drive concept

The sub-functions analysis leads to more in-depth knowledge and a theoretical basis to design a new drive. As
a result of the sub-function analysis, a broad understanding and generation of design parameters originate.
Important design parameters and realistic solutions are identified and summarized in a morphological scheme
in Table 3.2. Hereafter, three concepts are formed by combining solutions for the parameters.

Design parameter Solutions

Type hybrid drive Elec. / hydr. parallel Elec. / hydr. series

ey e R Electric Electric_ Hydraulic
Net Super capacitors Accumulator

Hydraulic system Closed (separate) Open (combined injection)

Table 3.2, morphological scheme of the design parameters

Three concepts arise by combinations of system solutions, which are shown schematically in Figure 3.8. The
three concepts combine electric and hydraulic drives. A hydraulic motor is used in consideration of the Netstal
patent, which limits the use of an electric motor in combination with hydraulic cylinders. The concepts are
explained individually after the figure.

Concept 1 Concept 2 Concept 3

Net -

Net Net

Hydraulic
system

.¢'O:>

Figure 3.8, system drive concepts

e Concept 1, Parallel driven, open hydraulic system, electric regenerated, to the net.
An electric and hydraulic drive both connected to the gearbox. Energy can be supplied both electrically and
hydraulically. This makes it possible to move electrically in an energy-efficient manner and with powerful
hydraulics in other phases. Energy is recovered by using the electric motor as a generator supplying to the
net, the hydraulic system works from the net, using the energy directly.
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e Concept 2, Parallel driven, closed hydraulic system, electric regenerated, to a buffer.
The crosshead is driven in the same way as in concept 1, only the energy is electrically stabilized and
hydraulically buffered. The hydraulic system functions as a closed hydraulic transmission.

e Concept 3, Series driven, closed hydraulic system, hydraulic regenerated, to an accumulator.
Concept 3 uses a series electric and hydraulic drive, resulting in a servo-electrically driven hydraulic pump.
In this concept, the low inertia of the hydraulic system is combined with the flexibility of the electrical
system. Energy can be regenerated by changing the displacement of the pump ‘over zero’.

3.7 Concept selection

To choose the most suitable concept for this particular machine, an S-diagram method is used, also known as a
Kesselring method. By using this method, the three concepts are compared in a substantiated way. Choosing a
concept is subjective. There is simply no time to thoroughly develop, test, and evaluate each concept objectively.
However, by applying the method, a comparison is made on various weighted aspects, resulting in a
substantiated final score. In the S-diagram, a distinction is made between functional aspects and realization
aspects. Under functional aspects, the energy efficiency, the power possibilities, and the work configurations
are taken into account. The costs, controllability, and system complexity are included under the realization
aspects.

S-diagram concepts

The analysis of the concepts and a completed
assessment-criteria table are executed in Appendix D.
Various conclusions can be drawn from the S-diagram
in Figure 3.9. Concept 1 scores well on functionality 50 |
due to the high power range of the dual drive and
excellent energy efficiency. Concept 2 scores even
better here due to less loss of efficiency in the fully
variable hydraulic system. Concept 3 scores the least
well in terms of functionality due to the loss of
efficiency in the hydraulic storage of energy and due
to the power limitations of the single drive. In terms of
realization, concept 2 scores least well due to the high
costs of both a separate hydraulic and an electrical 20
system and the additional complexity. Concept 1 and 3
score equally well, while concept 1 is cheaper in terms
of costs, and the simpler concept 3 scores better in L
controllability. Realization aspects [%)]
Figure 3.9, S-diagram concepts
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90

70
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3.8 Conclusion

The analysis had found that concept 1 fits the best for the new drive. A parallel drive where the hydraulic circuit
is combined with the already present hydraulic system is concluded to be the best solution. The concept has
high power capabilities and no extra costs of a separate hydraulic system. Also, the electric regenerated energy
is not buffered but directly used by the hydraulic system. The concept is further specified and dimensioned in
the next chapter.
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4. Dynamic behavior in configurations

A larger or smaller electric and hydraulic drive results in different dynamic behavior. The third research question
is answered in this chapter: How does a change in motor power affect the system behavior in speed, time, and
energy? Therefore, the dynamic behavior is calculated in different drive configurations and the system
properties are examined for different ratios between the electric and hydraulic motor. Also, effects in cycle time,
energy consumption, and required power are calculated for variating speed characteristics. In this manner, ratios
are examined between the electric and the hydraulic motor. A MathCad 15 model is used to simulate the process.

4.1 Approach strategy

First of all, a model is set up in which the tested speed data from the machines is serving as input for the model.
This simulates the exact speed pattern of the current machines, like the green-colored line v,(i) in Figure 4.2. In
this model, the powers are calculated and compared with the measured power. This step is crucial in validating
the reliability of the calculation model. Secondly, a variable simulation model is created with an adjustable
speed pattern that approximates reality. After this model is accurately built, the acceleration and deceleration
speeds can be adjusted to analyze the dynamic behavior.

4.2 Ideal Physical Model

An ldeal physical model (IPM) of the machine is shown in Figure 4.1. The moving masses (m) and inertias (J)
are displayed as blocks. The transmission ratios (i), moving directions (x), and energy directions (E) are
displayed as well. In this paragraph, the transmission relation and the energy calculations are discussed.

H Xcn XLsp

_b’ H I_’ Ax;sp
E, " [——»
" Drive Crosshead iysp LSP ‘
lg
Jtot _i Mcy E Mysp
Estrain
Eyot Ekm,L'H Hﬂ‘!".i—’*' -Ffrrrrunm.‘

Figure 4.1, Ideal physical model

4.2.1 Transmission ratios

The gear ratio from the rack and pinion is Position and speed; Crosshead and the LSP

20.92 mm/rot, so the crosshead is linearly e’ ! P e et et 4. 2w
translated with 20.92 mm by every rotation of *s¥ °7{ /| ¢ \\\ s fuse®
the electric motor. The gear ratio between the o3 1/ :

crosshead and the LSP is more complicated.
However, it is important to precisely
investigate the transmission ratio, the heavy
LSP and the mold have a large share in the
energy consumption. The speed of the

Position [m]
o

[

(=] A

I
e
[
Gy

Velocity [m/s]

|
e
wn
1
1

crosshead vy(i) and the LSP visp(i) can be seen 073 \"‘\ ( / 11
in Figure 4.2, together with the position of the N B
CFOSShead Xch(l) and the LSP X5(|) A 0 0.228 0456 0.684 0.9I2Tin}l.c:4[5] 1.368 1.596 1.824 2.052 228

schematic representation of the transmission is
shown in Figure 4.3, wherein the pivots are

Figure 4.2, position and speed of the crosshead and the LSP
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shown as black circles. Points 1 and 5 moves along the x-axis and represent the crosshead and the LSP,
respectively. Point 4 is a static pivot point on the rear clamping plate. The toggles are represented by line 1-2,
line 3-5, and triangle 2-3-4. The position of the LSP is set up as a function of the position of the crosshead using
trigonometric calculations, this can be seen in Appendix E.

Xen

XLsp
0,0
o

Figure 4.3, Schematic representation of the crosshead and the LSP

4.2.2 Rotational energy
The rotational energy can be calculated using equation 11. The rotational inertia of the electric motor I, (valued
as 0.178 kg-m? (Baumdiller, 2013a)) is multiplied by a factor of 1.1 [-] for the unknown inertia of the gears in
the gearbox. The direction of movement f is also included by multiplying the equation by 1 or -1.

Eyor(D) = > # Ly ¥ (D2« £@)  (11)

4.2.3 Kinetic energy
The Kinetic energy is a result of the acceleration and deceleration of the crosshead and the LSP. In equation 12,
these different masses m are multiplied by the corresponding velocity v. The LSP is not moving during closing,
S0 in these time instances, this part of the formula is multiplied with 0 by the statusisp.

Epin (D) = % * (Mg * e (D + (Mysp + Mupgrg) * status;gp * vygp(i)?) * £ () (12)

4.2.4  Strain energy
During closing, the tiebars are stretched considerably. Tiebar strain

(i) 6.05158x10™*

Stretching the tiebars is in the end the force that keeps the mold ~ ~* - ccasmis-

parts together during the injection process. The required force ——

and energy of this movement are simulated by a linear = R

stretching spring up to the maximum strain in Figure 4.4. § -

The stretching Al can be calculated by multiplying the original 1.0086<107"

tiebar length lp with the strain, in this case, the force Fio 0

divided by four tiebar areas Ap and Young’s modulus Y of steel. SR T T I e 19 28
The calculations are shown in eq. 13 and eq. 14. Time [s]

Figure 4.4, tiebar strain
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4.2.5 Frictional energy loss
A frictional energy loss is estimated by comparing the calculated energy with the measured energy balance.
Total frictional energy of 3 kJ is spread over the time instances where the LSP moves.

4.3 Power calculations

The required energy at every vector instance is calculated, so the power can now be obtained by calculating the
change of energy over time. The energy signal is filtered first using a moving average in equation 15. Hereafter,
the power is differentiated over time using equation 16. The weighted moving average prevents a noisy character
and is crucial in the reliability of the result.

. 1 i . . Exma(D—Exma(i-1
Ey, () ==+ %0y yi1 Ex () (15), (i) = P —rana) (16)

The rotation, kinetic, strain, and total power can be seen in Figure 4.5. The variating gear ratio is resulting in
different weighting power effects. For example, during the closing movement, acceleration has a larger required
power than deceleration as a result of the changing transmission ratio. As previously described in Figure 2.16
and Figure 2.17, a positive energy value during opening of the mold indicates regeneratable energy and a
negative energy value during the opening movement represents required energy. This is the opposite during the
closing movement of the mold

Power; vector based model

3
180x10 P P

rot_v( 1) strainfvc( i)

3
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: : P (i) P i)

closing | opening km_v( ) tot_v(

120x10°

3 Regeneratable energy
90x10

60x10°

—
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o \/ﬂ \/ﬁ —
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Power [W

— 60x10°
—90x10°

~ 120x10° 1 2 3 4 5 6

— 150x10°
0

0.23 0.46 0.68 0.91 1.14 1.37 1.6 1.82 2.05 2.28
Time [s]

Figure 4.5, powers in the vector-based model

The indicated areas in Figure 4.5 represent the following phases:

1. Accelerating forward 4. Unlocking the crosshead
2. Decelerating forward 5. Accelerating backward
3. Locking the crosshead 6. Delerating backward
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The calculated power is compared to the measured power \ Comparison; calculated and measured power
A AT . 180x10
in Figure 4.6. Similarities can be seen in the whole cycle, P, easured ()

150¢10°

from which it can be concluded that the calculation is
very reliable. No weight of the mold is included in this s
simulation. In the test setup, testing is also carried out x10’
without a mold, so this is necessary for the comparison. 30410’

Py ()

0f

The energy used in a certain time interval can be = _iu.
calculated by integrating the power over time. To obtain ~ -sea0’
the energy from the vector-based result, the Riemann -2

- - - - 12 3
sum is used as shown in equation 17. The sum calculates """

. . — 150107
the energy E:wx by summing the power Py per sample time 0 0moae 06 0o 114[ : 13716 182 205 238
- - - - ime s
t; between certain time units tsar @nd tena. This form of e 4.6, calculated and measured power
calculation is reliable due to the weighted moving
average of the characteristics taken earlier.
t .

Etor = % end (P (@) = ts) (17)

J=tstart

Power [W]

The required and generated energy per group and per phase are schematically shown in a table in Appendix E.
The energy required for one closing movement within 1.86 s is 32.1 kJ. The distribution is as follows: rotational
energy: 27.5%, kinetic energy: 47.9%, strain energy: 13.2%, and frictional losses: 11.4%.

4.4 Power characteristic variations

In the new drive concept, the available motor power changes, with the consequence that the cycle time and
energy requirements also change. This section examines the effect of changing the accelerations during the
closing and opening translation of the crosshead.

4.4.1 Model setup
A model is constructed in which the speed character can be adjusted by describing the speed as a function
variating on time. First, a model has been tested wherein the speed approximates the tested crosshead speed.
This speed is used in the previous calculation, wherefrom the results are reliable. The function-based model is
the basis for the calculations wherein the accelerations are adjusted and is added in Appendix F.

4.4.2  Acceleration variations
If the drive is adjusted in power, less or more power is available to accelerate and decelerate during closing and
opening. Since the recovery of energy is only performed with the electric motor, the deceleration speed is
completely depending on the electric motor properties. The accelerations can be controlled both electric and
hybrid, which opens up more drive configurations.

The variable calculation model is constructed in such a way that the acceleration speeds can be adjusted, without
changing the travel distance of the crosshead. Iterations are performed with different accelerations, which can
be seen in Appendix G. To properly analyze the results, a power-acceleration relation is shown in Figure 4.7
and the corresponding time-acceleration relation can be seen in Figure 4.8. Wherein acceleration 1/deceleration
1 stands for the closing movement, and acceleration 2/deceleration 2 represents the opening characteristics.
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Figure 4.7, power-acceleration relation Figure 4.8, time-acceleration relation

A striking relationship can be seen during deceleration 1 (braking during closing) and acceleration 2
(accelerating during opening). By accelerating faster, less time and thus acceleration distance is required. This
results in a different transmission ratio of the LSP to the crosshead. When accelerating/decelerating faster, the
peaks of rotational energy and Kkinetic energy do not lie on top of each other, but consecutively. This reduces
the required power. Acceleration 1 and decelration 2 has a linear relationship between increasing acceleration
speed and power requirement.

Power-time relation

Power-time relation

The power is also compared directly against the effect in cycle time 200,
in Figure 4.9.

180

160

The machine must have the same or a faster cycle time than the
current machine, but this is always possible in combination with a
hydraulic motor. There is no fixed requirement in dry cycle time
for the electric operating mode, in which the movement is only
performed electrically. The latter is a trade-off for the customer
between more efficient and slower versus less efficient and faster.
The consequences of systems are tested in which electric motors
are selected with a certain scaling percentage compared to the L ™
current electric motor (concept name: reference), further clarified S et
in Table 4.1. The electric motors can be 80% overloaded, because

they are not continuously under heavy loads and thus have time to

cool down. The values in the table represent the available electrical

power in the upcoming concepts.

Required power [kW]
e o % = =) E
& &8 8 8 B &

2
S

Figure 4.9, power-time relation

Concept name Percentage of Electrical motor +80% electrical
current motor power overload
[kW] [kW]
Reference 100% 70 126
2/, concept 67% 55 99
1/, concept 50% 35 63
1/, concept 33% 23 41.4

Table 4.1, further evaluated configurations

4.5 Hydraulic system requirements

This section first discusses the structure of the hydraulic system. Hereafter, a calculation is performed to
determine the hydraulic requirements.
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4.5.1 Hydraulic system structure
The hydraulic system consists of a hydraulic motor with a fixed volume displacement. The flow is controlled
by a proportional valve. In this case, the extra flexibility in the torque-speed ratio of a variable displacement
motor is not profitable enough for the extra investment. This is partly due to the short operating time, and when
it is used, almost the full power is used.

The hydraulic motor can function in two directions by the proportional valve. In addition, the hydraulic motor
has an idle position. The hydraulic motor is permanently connected to the gearbox, so when the hydraulic motor
is not in use, it rotates and displaces oil without a pressure difference. Here an idle power loss has to be taken
into account.

4.5.2 Required hydraulic performance

During the locking process of the mold, a peak power of 100 kW is required. A safety factor SF of 1.2 [-] is
taken to compensate for the uncertainties of the dual drive conjunction. A pressure drop over the pump Appump
is based on 200 bar. The rotation speeds are equal to the electric motor, assumed the hydraulic motor is
connected to the first transmission step. The maximum rotation speed nmax is 2868 rpm, however, during closing
this rotation speed is Neiosing 1651 rpm. The required hydraulic power Phyqr is calculated using equation 18. The
required volume flow Q can now be calculated using equations 19 and 20. Equation 21 is used to approximate
the motor displacement volume vd. The results and requirements are listed in Table 4.2.

= — 3 Phyar(kW)*3.6 106
Phyar close * SE — Peec (18), Q (T:_r) — hyzp,(,um:,(Pa) (19)
3 3 3
0 ()= o) % . wa(5)= 0 () @
Concept name Electrical +80% Required Required Required Minimal
motor power electrical hydraulic volume flow volume flow volume
overload power displacement
[kW] [kW] [kW] [m”3/hr] [1/min] [cc/rot]
Reference 70 126.0 - - - -
2/, concept 55 99.0 21.0 3.8 63.0 38.2
1/, concept 35 63.0 57.0 10.3 171.0 103.6
1/, concept 23 41.4 78.6 14.1 235.8 142.8

Table 4.2, hydraulic motor requirements

4.5.3 Discussion on the hydraulic system
In the calculation, no mechanical and volumetric efficiencies are taken into account. Therefore, the motor must
not be selected smaller than calculated. The safety factor ensures enough closing power, adding to this, the
electric motor can still be more overloaded. Also, the pressure difference over the pump is assumed on 200 bar,
which can be slightly higher or lower. Lastly, the idle power of the motor is not known, so the dry cycle time
can deviate a few hundreds of a second.

4.6 Drive ratio configurations

Concluding from the analysis performed in this chapter, three concepts emerged, shown in Table 4.2. The
relation between drive power, the possible speed characteristics, and cycle times are thoroughly examined. The
concepts are further examined in a technical feasibility analysis in the next chapter, where aspects like costs,
technical integration, and energy efficiency are researched.
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5.Technical feasibility analysis

A technically feasible concept performs to a certain expectation within the machine. In this chapter, the last
research question is researched: What is the technical feasibility of the concept in terms of technical integration
in the machine, energy efficiency, and compenent costs?

5.1 Technical integration
The technical integration studies the integration of the concept in the system, the working modes, and the effects
on the cycle time.

5.1.1 Component selection
A schematic representation of the system is shown in Figure 5.1. Three sections are indicated in the schematic
representation. These sections are discussed individually in the following listing:

e Section I, the electric drive; The electric drive consists of an electric motor and a frequency converter.
Compared to the previous drive, the recovery unit and electric brake are left out. The recovered energy
is passed directly through the bus voltage between the frequency converters of the electric motor and
the servo motor of the hydraulic system. The brake is superfluous, by closing the valves of the hydraulic
motor an emergency brake is already present.

e Section Il, the hydraulic drive; The hydraulic drive consists of a hydraulic motor with a fixed
displacement volume in combination with a fully controllable proportional valve. It should be noted
that in the neutral position of the proportional valve in Figure 5.1, the hydraulic oil on the motor side
can flow freely. After all, this is necessary for the proper functioning of the neutral position if the
hydraulic motor is idling.

e Section I11, The Hydraulic System. The hydraulic system remains unchanged from the current drive.
An electrically controlled hydro pump charges the accumulators. The recovered energy is recycled via
the frequency converter bus voltage. This bus voltage can be supplemented with energy from the grid.
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Figure 5.1, drive system structure
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The drive has two possible operating modes:
1. Electric mode; Moving the crosshead purely electric. Higher forces are required during locking the
mold, for which it is supported hydraulically.
2. Hybrid mode; Provide hydraulic support during the movement of the crosshead when accelerating.
Thus, more power is available for acceleration, which results in shorter cycle times. The braking is done
purely electric to enable the highest energy efficiency.
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5.1.2 Behavioral characteristics
Earlier in Table 4.2, combinations of electric _ Power & velocity; !/, concept, electric mode
motors and hydraulic motors were calculated. P
Simulations have been performed for the three
concept options, in which the properties in electric
mode and hybrid mode have been simulated. An =
example of the outcome is shown in Figure 5.2,
which shows the speed and power of concept 2,
electrical mode. All evaluations are shown in
Appendix H. The results are further compared in
this chapter. 156108
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Figure 5.2, Evaluation figure

The dry cycle time depends on the acceleration and deceleration during the closing and opening of the mold.
The acceleration and deceleration are depending on the available engine power, but cannot be infinitely large
to keep the heavy mass of the LSP controllable. In addition, it is desirable to brake purely electric, so the majority
of the used energy can be regenerated. The difference between the electric mode and the hybrid mode is thus
the accelerations of the LSP. The dry cycle times are shown in Table 5.1. The concept ‘reference’ is the current
electrical driven mold drive.

Concept name Dry cycle time Dry cycle time
electric mode hybrid
[s] [s]
Reference 1.86
2/, concept 1.63 1.62
1/, concept 1.82 1.65
1/, concept 2.12 1.93

Table 5.1, dry cycle times of the drive concepts

It can be concluded from the table that less power for the drive has a little effect on the cycle time. By making
better use of full power of the drive during all acceleration and deceleration actions, a faster cycle time can be
achieved with less power. Consideration must be given to the occupation of the current pump. Depending on
the applied concept, the hydraulic energy demand increases.

5.2 Energy efficiency
Energy usage is an important parameter. Therefore, it is important to investigate energy usage, energy
regeneration, and grid load.

5.2.1 Energy usage per cycle
The three concepts are simulated for both the electric and hybrid mode. The simulation results are added in
Appendix H. The results are summarized in Figure 5.3. Almost no differences are observed between the electric
(E) and hybrid (H) mode in the 2/, concept. In this concept, the accelerations are already very high. To accelerate
even faster, much more added power has less effect. In addition, it is not possible to slow down faster without
any certainty that the molds do not hit each other too hard. A better alternative to speed up the cycle time is to
increase the maximum speed, and thus the gear ratio. Assumptions have been made on hydraulic (throttling)
losses to give an appropriate indication with a lack of knowledge on the hydraulic throttle loss. A loss of 0.25
on the strain energy and 0.5 on the hydraulic energy usage are taken into account, an expectation based on the
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control behavior and system structure. Recommendations to further research the hydraulic behavior are
reviewed in chapter 7, Discussion and recommendations.

Energy usage per purpose for each configuration

E Kinetic energy ™ Rotational energy Strain energy Frictional energy ™ Hydraulic loss C_ycle Used Regeneratable
Time energy energy
Reference [N . 1.86s  32,1kI  26,0KkI
/3 _concept & I m 2125 196K 154K
U3 concept H - M — 193s 272K 205K

1/2 _concept E H 1.82s 28,6kJ 24,3kJ

1.65s 34,0k 279k]
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Figure 5.3, Energy usage per concept

Figure 5.3 clearly shows that the energy consumption per cycle increases when accelerating with higher
accelerations. The share of the rotational energy of the drive itself also increases with bigger electric motors.
The higher accelerations have a big effect on this rotational inertia. The cycle times, used, and regenerated
energy of the concepts in Figure 5.3 can be compared to the current electric model (named ‘reference’ in the
figure). The change in cycle time and energy usage are shown in Table 5.2. An energy regeneration efficiency
of 94.6% is assumed, as a loss in energy transformations in the frequency converter and mechanical efficiencies.
The value is estimated based on the remaining energy of the measured vector based calculation (reference),
including frictional energy loss.

Cycle time Energy

usage

[%] [%]

Reference - -

1/, concept E 13.8% -17.7%
1/, concept H 3.5% 28.2%
1/, concept E -2.2% -7.7%
1/, concept H -11.3% 25.7%
2/, concept E -12.2% 7.5%
2/, concept H -13.2% 7.8%

Table 5.2, change in cycle time and energy usage

Concept 1/, electric mode has the greatest effect. The concept is a little bit faster and above all more energy
efficient. With this concept, the customer is given a choice to operate energy-efficiently at an acceptable speed,
or much faster but less energy-efficient. Concept 1/, does not meet the required cycle time. Concept 2/, has
advantages in terms of cycle time, but uses more energy.

5.3 Costs

It has previously been found that the injection molding machine market is very tight. It is important as a
manufacturer to keep the purchase price of the injection molding machines as low as possible.
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5.3.1 Initial costs
The change in drive costs is related to a few factors. Firstly, the electric motor is smaller, which makes a
difference in costs. On the other hand, an expensive hydraulic system is added. Table 5.3 shows the costs of
motors. It is striking that the combination of electric and hydraulic motors does not differ very much. A hybrid
drive is more expensive than a single driving motor.

Concept name Electrical Electric drive Hydraulic Hydraulic Total drive Costs
motor power costs volume drive costs costs difference
displacement

[kw] [€] [cc/rot] [€] [€] [€]

Reference 70 4358,- - - 4358, - -
2/, concept 55 3907,- 38.2 1862,- 5769,- 1411,-
1/, concept 35 2747,- 103.6 2975,- 5722,- 1364,-
1/, concept 23 1825,- 142.8 3878,- 5703,- 1345,-

Note! All the prices regarding electric parts are internally known at the Stork IMM, prices regarding hydraulic
parts are derived from comparable parts from Parker (Parker Hannifin Corp, 2021).
Table 5.3, drive motor costs

The remaining changes to the system do weigh opposite to the more expensive hybrid drives. Table 5.4 shows
that the removal of the recovery unit and the brake reduces the costs of the system. However, a proportional
valve is required to control the hydraulic motor.

Part Costs
[€]
Regeneration unit + add-ons -2578,-
Electromotor brake -500,-
Proportional valve (range) 1165,-
Piping and connection material 800,-
Total -1113,-

Note! All the prices are internally known at the Stork IMM
Table 5.4, Changing system part costs

5.4 Concept selection advice

Research in this paragraph showed that the concept can relatively easily be combined with the current machine
parts. In the 1/; concept, not enough power is available to achieve the desired cycle times. The 1/, concept is
able to achieve the current cycle time, and is more energy efficient compared to the 2/, concept. Therefore, the
research leads to the advice to use the 1/, concept. An extra investment of 251,- is quickly recouped due to the
more energy-efficient properties. Conclusions on the hybrid drive feasibility compared to the current electric
drive are summaryzed:

Hybrid properties compared to electric:

+ Less mass inertia is resulting in less peak energy

+ 7.7% more energy efficient (wherein the hydraulic motor inertia, conditioning (cooling and filtering)
are not taken into account and the hydraulic efficiency is estimated)

+ Option to operate 11.3% faster

- Less reliable due to more complex system components
- In fast mode, which is a common mode, a poor efficiency of +25.7%
- More complex, besides mechanical, in control and software too
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6. Conclusion

The present study was designed to determine the effect of a hybrid drive for the Stork IMM injection molding
machine closing unit. The study emphasized four phases, wherein the current machine has been analyzed, a new
concept has been designed, various concepts have been analyzed iteratively, and the final concept has been
tested for technical feasibility. The conclusion is based on the research questions.

1. What are the current hydraulic and electric drive performances?

The current drives are thoroughly analyzed. Research has shown that the mold drive must be able to deliver a
force of 160 kN. A cycle requires 32.1 kJ of energy from which 81% can be recovered. The dry cycle time is
currently 1.86 s and is a minimum requirement of the design. The reliability of the measurements has been taken
into account and checked several times in the calculation.

2. What is a suitable hybrid drive concept?

An appropriate design method has led to a targeted study, in which the focus has remained on the relevant
criteria. In the design, a distinction has been made between delivery, recovery, and storage of energy. The
concept does not exceed existing patents. In the concept, energy is regenerated purely electrically. Hydraulic
regeneration is unfavourable due to a maximum efficiency of 63%, and the additional costs of a required
variable-displacement hydraulic motor.

3. How does a change in motor power affect the system behavior in speed, time, and energy?

Three concepts, in which the current electric motor was reduced by 33%, 50%, or 66%, have been simulated
with a calculation model that has been successively tested against practical measured results. In the calculation
model, the transmission ratio between the crosshead and the LSP has led to interesting conclusions. For example,
regarding kinetic energy, it has been found that faster braking requires less peak power because the transmission
ratio changes favorably in these processes. With the help of iterations in different acceleration speeds in different
phases, a clear analysis has emerged in terms of consequences for speed, time, and power requirement. The
concepts have two operating modes, in which the movement of the mold is carried out purely electrically or
hybrid. Braking is always done electrically to achieve the highest possible energy efficiency. In the so-called
17, concept, the electric motor has too little power to achieve the required cycle times. The advice is to use the
1/, concept, which is 2.2% faster and 7.7% more energy efficient in electric mode, but 11.3% faster and 25.7
less efficient in hybrid mode. Besides the energy efficiency conclusions, the grid load is in both cases halved
using smart energy handle techniques. The 2/, concept is faster, but also consumes more energy.

4. What is the technical feasibility of the concept in terms of technical integration in the machine,
energy efficiency, and component costs?

A hybrid drive is technically feasible and relatively easy to integrate into the current hydraulic system. The cost
of the drive is about 251,- higher, which is only 2.6% of the drive costs. In the electrical field, the recovery unit
and the electric brake are saved, while in the hydraulic field a hydro motor, proportional valve, and system
components such as piping are added. The regenerated energy can directly be used to load the hydraulic
accumulators. The energy is transmitted through the bus voltage of the coupled frequency converters.
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7. Discussion and recommendations

¢ Reliability of the measurements

The reliability of the measurements is checked in paragraph 2.3.2. The measurements were taken during the
commissioning of the machine. During the tests, the machine was running according to operating conditions.
However, there was no mold attached to the machine, only a trial mold, fixedly attached to the fixed clamping
plate (VSP). In reality, the machine runs slightly heavier due to the mass of the mold. This is a factor of 1.05 on
the mass.

e Faster operting in the current electric drive

The electric motor of the current injection molding machine is not using its full capacity during the cycle. Thus,
by optimizing the process, current cycle times could be reduced. Also, the research has shown that a certain
window of decelerations is unfavorable during braking, when the motor and the LSP experience their most
unfavorable transmission ratio. When braking faster, and thus later, less power is needed, as previously proofed
in Figure 4.7, power-acceleration relation. However, it must also be done in a controlled manner: it is not
desirable for the mold halves to hit each other hard. To avoid a crash, the LSP has to achieve a desired velocity
a few millimeters before the molds hit each other, a safety distance of for example 5-10 mm is appropriate. Or,
the hydraulic motor can be used to brake more quickly at the end. Although this is unfavorable for energy
recovery, this is not needed under normal conditions of use, i.e. 100% electrical deceleration. Improvement on
the current drive is calculated in Figure 7.1 and Figure 7.2. Improvements in three phases are shown in terms of
time, the dry cycle time is 0.2 s (11%) faster. The same system components are used.
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Figure 7.1, current electric drive behavior Figure 7.2, improvement on current drive

The evaluation sheet of the calculation of the improvement on the current electric drive is added in Appendix I.
e Costs saving on the current electric drive

Research has shown that the development of frequency converters is undergoing a spurt. Possible improvements
to the current electric injection molding machine could be made by connecting the bus voltage of the closing
and the injection unit frequency converters, making the recovery unit superfluous. This results in a cost-saving
of approximately 2500,- in parts.

e Grid demand

Compared to the more constant energy-demanding hydraulic machine, the electric injection molding machine
has a noisy grid load with high peaks. User peaks of the closing and injection unit, as well as peaks in energy
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return, are processed in the grid. By applying the concept, the user peak of the injection unit and the return peak
of the closing unit cancel each other out, but the grid load can be reduced even further.

By having several injection molding machines interact with each other in a factory, the energy demand of the
grid can be stabilized continuously. In this way concepts such as Industrial Internet of Things (110T), industry
4.0, and smart energy grid are applied. If there are many injection molding machines in the factory, it is even
possible to place a kinetic energy buffer in the circuit. Due to the kinetic energy buffer, the energy demand of
the grid can be leveled.

e Bigger closing units

It currently appears that the change to hybrid is slightly more expensive/almost as expensive. However, the
concept can turn out cheaper if it is applied to larger machines for which the costs increase exponentially. The
calculation has been carried out for a closing unit with an available force of 4,400 kN, but Stork IMM already
manufactures closing units with a capacity of 11,000 kN, for which the concept could be more interesting.

e Decreasing cycle time

The current accelerations are already high. To accelerate even faster, a lot more power is needed, but the effect
in required time to accelerate decreases. If the cycle times have to be even shorter, increasing the top speed has
more effect. The transmission ratio of the gearbox has to be adjusted.

e Hybrid concept controllability

A possible follow-up study concerns the control of the hybrid concept. The behavior of both drives on such a
type of machine is yet unknown. The input of the electric motor is a current and a voltage, due to the constant
voltage, the input current is proportional to the rotation speed. The input to the hydraulic motor is a input flow
and differential pressure across the motor. The input flow is proportional to the rotation speed, so the differential
pressure across the motor is the only input value that can be used to control power.

A suggestion is to calculate the required differential pressure across the motor at a desired speed. Then control
the electric motor on the real time measured rotation of the hydraulic motor, because the drives must drive with
an exactly equal speed. In this way, the controllability is done as quickly as possible, using the fast reaction time
of the simpler electric drive. Conversely, it is difficult to tune the hydraulic motor equally to the electric drive,
because of several dependent variables that take care of the rotation.

With regard to the hydraulic efficiency, it is advantageous to drive the hydraulic motor directly on the hydraulic
pump. Resulting in less throttling loss from the accumulators. The system itself is expected to find its balance
in this way, but due to the lack of knowledge about this behavior, further research in this area is necessary.
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Appendices

Appendix A.  Machine test data

To understand the current machines properly, tests have been carried out on the machine. The test data used has
been added in this appendix.

The hydraulic test data can be found in the document: ‘Hydraulic_closing_unit test measurements.xls’
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Figuur 0.1

The used sensors in the document are:

e Tijd Time sample

e /TR251 Pressure sensor on piston side

o [TR252 Pressure sensor on rod side

e /RY251 Control voltage proportional valve
o /clp/m/VYcrh_abs Absolute speed sensor crosshead

o /clp/i/PO Absolute position sensor crosshead
o Differentiaal Differential valve status

e Bewegingsrichting Movement direction

The electric test data can be found in the document: ‘Electric_closing unit test measurements.xls’
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Figuur 0.2

The used sensors in the document are:

e /clplo/VY Control voltage
e /clp/o/PR Setpoint torque as percentage of motor maximum
o /clp/m/VYsetp_tmp Setpoint speed
o /clp/m/VYcrh_abs Absolute speed
e /clp/m/POsetp Setpoint position
e /clp/i/PO Absolute position
e /clp/i/PR Measured torque
A simplified hydraulic scheme, including sensor names:
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Appendix B. Measurement data Matlab analysis code

The reliability of the measurements has been validated by comparing different measurements. For this, a vector
analysis code was created in Matlab to calculate and represent the deviation and the scaling factors.

clear,clc

format shortG

tinput of RAW test data:

RAW clp_i PR = [-1575, -18900, 59388, -379200, 16933, 54618, -16965, ...
88200, -1lo0000, 7500, -%9643, -1%000, -2000, -500071°

RAW RU 12 = [-14, -142, 474.5, -299.8, 131, 430, -1l22, 701, -136, ...
58, -7¢, -150, -20, -45]°

RAW clp_o PR = [20000, 200001, 80000, 200000, 210000, 1B0OO0O00]'

RRW C5 18 = [9.5, 895.25, 38.1, 985.2, 100, B85.7]

($Sort comlumns
Scoop_torgue = sort(RAW_clp i FR)
Scoop_demand = sort(RAW_clp_o_PR}

tCreate matrix space
Indice_torgue = zeros([l, length(RAW clp i PR)])
Indice_demand = zeros([l, length(RAW clp o FR)])

$Sorting program based on indice position (to prevent mixing up not...
% accurate measured data);
fprogram to sort torgue matrix:
for k = l:length(RAW_clp_ i FR) tExecute loop for every value of matrix:.
Indice_torque (k) = find(RAW clp_ i PR==Scoop_torque (k))
%Find corresponing indice location.
Freg_torque (k) = RAW_RU_1Z(Indice_torgque(k))
tCreate new matrix based on index location.

end

tprogram to sort motor demand setpoint matrix:
for k = 1l:length(RAW_clp_o_PR) %Execute loop for every value of matrix.
Indice_demand (k) = find(RAW clp o PR==Scoop_demand (k) )
$Find corresponing indice location.
Freqg_demand (k) = RAW_CS_18(Indice_demand(k))
tCreate new matrix based on index location.
end

Scoop_demand table = Scoop_demand; Scoop_demand table([7:14],1) = NaN
Freg_demand_table = Freq_demand; Fregq_demand table(l,[7:14]) = NaN

tcreating table:

columnnames = {'Scoop torgue', 'Freg torgque', 'Scoop demand', 'Freg demand'}
data = [Scoop_torgue Freg_torque' Scoop_demand table Freq demand table']
disp(array2table(data, 'Variablenames', columnnames))

tcalculating scaling factor:

Scaling factor_torque = Freq_torque./Scoop_torque' $scaling factor torque
Scaling factor_demand = Freq_demand./Scoop_demand’ %scaling factor demand
Scaling factor torgue mean = mean(Scaling factor_ torque)
Scaling_factor_demand mean = mean(Scaling_factor_demand)

tFigure:

figure(l), clf(l), held cn
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subplot (2,2, [1 3]1); $subplot 1
plot (Scoop_torgque,Scaling factor torque, '-*b', ...
'LineWidth', 2, "MarkerEdgeColor', 'k', "MarkerSize',4) %plot wvariables

v1lim ([0 0.02]); £#limit y-axis to persoconalized walues
grid on; %gridlines on

legend('scaling factor', 'Location', "NorthWest"); tadd legend
xlabel ('Scoop measured torque'); %asix lables

yvlabel ('scaling factor to Freguency measured torgue')
title('Scaling factor torque', 'FontSize',10) %add title

subplot(2,2,[2 4]1); $subplot 2
plot (Scoop_demand, Scaling_ factor_demand, '-*b', ...
'LineWidth', 2, '"MarkerEdgeColor', 'k', '"MarkerSize',4); %plot variables

ylim([4.6*10"(-4) 4.9*10"(-4)]);: $limit y-axis to personalized wvalues
grid on; %gridlines on
legend('scaling facteor','Location', "NorthWest'); %add legend
xlabel ('Scoop measured demand'); %add axis lables
vlabel ('scaling factor to Freguency measured demand')
title('Scaling factor demand', 'FontSize',10) %add title
hold off
Scoop torque Freq_torque Scoop demand Freq demand
-37900 -299.8 20000 6.5
-1%000 -150 80000 38.1
-18500 -142 1.8e+05 85.7
-16965 -122 2e+05 95.2
-10000 -136 2e+05 $5.25
-%643 -76 2.1e+05 100
-5000 -45 NaN NaN
-2000 -20 NaN NaN
-1575 -14 NaN NaN
7500 59 NaN NaN
16933 131 NaN NaN
54618 430 NaN NaN
55388 474.5 NaN NaN
88200 701 NaN NaN
Scaling factor torque «10*  Scaling factor demand
0.02 T T 49 : i - :
o 0.018F 1 T
3
=3 8485t .
20016 @
=
o
@ k=)
= @«
2 0014 ) 5
© o 48 b
o 3
€ 0012} 1 =
Y >
c [3) —
S 001 §475F T |
o = |
° g
*g 0.008 + — LC
o]
™ = 47t |
£ 0.006 | S
g E
20.004 1 o
©® = 465 1
3 8
0.002 - g @
0 : ! 46 ! ! : :
-5 0 5 10 0 0.5 1 15 2 25
Scoop measured torque %104 Scoop measured demand . 10°
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Appendix C. Market research
Injection molding is a very widely used technique. As a result, there are also many manufacturers of injection
molding machines. The market research looks at striking drives of competitor injection molding machines. The
market research lists the remarkable features of competitors. The remarks are listed in the following table.

Company |Remarks

Arburg Arburg GmbH + Co KG claims to produce hybrid injection molding machines. Although, the
GmbH +  |term hybrid, therefore, refers to a combination of both drives within the machine. The mold
CoKG opening and closing are servo-electrically driven, the injection and secondary axis are
hydraulically driven (ARBURG GmbH + Co KG, 2021a). Using an electrical closing unit drive,
the kinetic braking energy can relatively easily be regenerated. The combination of electrical and
hydraulic system elements is close to the current drive of Stork IMM. The system setup is 40
percent more energy efficient compared to a fully hydraulic driven machine (ARBURG GmbH
+ Co KG, 2021b).

ENGEL ENGEL AUSTRIA GmbH produces e-speed series molding machines, highly comparable to the
Group Stork IMM injection molding machines. The servo-electric mold drive differs on the linearization
of the rotating motor by a spindle, versus a rack and pinion from Stork IMM. The claimed energy
recovery system is presumably constructed with an energy recovery unit, as a part of the full
electric closing unit. The hydraulic system contains hydraulic accumulators and the injection and
nozzle stroke are driven servo-hydraulic, named eco-drive (Engel Machinery INC., 2021).

HAITIAN |HAITIAN Plastic Machinery produces full hydraulically driven machines. The hydraulic system
Plastic (servomotor + gear pump) is claimed to be 70 percent more energy efficient. The direct drive
Machinery |connection between the servo-motor and the gear pump provides a combination of drive torque
and required acceleration speeds (HAITIAN Plastic Machinery, 2021).

Husky The two-platen drive technology (no toggle system
Injection  |but asingle direct driven platen) has been expanded
Molding |by Husky Injection Molding Systems Ltd. with a
Systems | multimold system. Due to an arm construction, both
Ltd. sides of the middle clamping platen can be used, the
construction can be seen in Figure 0.1. The closing
unit is electrically driven and reduces energy
consumption by 30 percent (Husky Injection
Molding Systems Ltd., 2021).

<

;
N

sky multimold (Interempresas Media,

Figure 0.1,
2019)

Krauss- The NETSTAL ELIOS is using two additional hydraulic cylinders in addition to the electrical
Maffei closing unit drive. The kinetic energy during the braking flows into the electric motor and is
GmbH converted into hydraulic energy by the hydraulic cylinders (KraussMaffei, 2021). The exact
working and patent limitations are described in the next paragraph.

Table 0.1, competitors remarkable drive systems
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Patent limitations

The NETSTAL ELIOS machine is hybrid-driven. In this paragraph, the construction and the patent limitations
are examined. The type of drive is patented as a United States patent No.: US 10,112,331 B2 on October 30,
2018. The patent owner is Netstal-Maschinen AG, Néfels (CH). Also, the patent is published in Europe as patent
No.: PCT/EP2016/060854. A schematic overview of the system can be seen in Figure 0.2.

Important system elements:

5. Cross clamp

10. electric drive with rod
11. piston cylinder system
13. hydraulic supply

14. control to hydr. and elec.
20-22 hydraulic valves

23. accumulator

24, pump

25. pressure medium source

The schematic control diagram in Figure 0.3
indicates the working principles of the machine.
The electric drive mainly ensures the reciprocating
movement of the crosshead. The electric drive is
always linked to the crosshead. The hydraulic
drive system can function the same, however, in
addition to the forward and reverse drive positions,

i =
the system has an idle stand. The hydraulic - 21}{)5 ;NM_{ g“‘

pressure relief valve (22) allows the oil to flow X PTIT
from one to the other side of the piston. The —L}EE =
accumulator can be recharged by operating the A
. e 2
hydr_aL_Jllc control valve (21)._ Th(.a patent I!mlts D% J[_— ‘\13
explicitly the use of an electric drive operatively I i T X IW 23
connected with the crosshead together with a l_]J
hydraulic drive including a piston-cylinder which s 91
is operated by a pressure fluid (Angst et al., 2018). it /
Depending on their size, the drive components can 25
function in any ratio. Figure 0.3, NETSTAL ELIOS drive setup (Angst et al., 2018)
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Appendix D. Concept design

Reference to the realization of the assessment method is shown in Table 0.2 and Table 0.3. The weighting factor
WEF is scaled between 1 and 3, the concept examination is scaled from 1 to 4.

Concept 1
()
:II/ — N o
o "5_ “5_ "5_ Hydraulic
= (5] (5] [<5] system
E el 2| e
=2 |88
= lower Max
scale (1) scale (4)
Energy efficiency 3 Low| 3 | 4 | 2 | High
Functional | power capability 3 Low | 4 | 4 | 3 | High
aspects Work configurations 2 One | 3 3 3 | More
P Component costs High | 4 3 | Low
ealization - e
aspects Controllability Difficult | 2 3 | Easy
System complexity 1 Big | 3 2 4 | Small
Table 0.2, S-diagram assessment table
Concept 1 Concept 2 Concept 3

Energy efficiency

Elec drive good,
Energy regen. Good,
Little hydraulic loss

Elec drive good,
Energy regen. Good,
Hydraulic variable

Regeneration loss to
accumulator.

Power capability

Elec/Hydr parallel, boost

Elec/Hydr parallel, boost

Only hydraulic, has to be
dimensioned bigger

Work configurations

Elec/Hydr variable

Elec/Hydr variable

Hydr variable

Component costs Elec system, Elec system Big hydr system
Small hydr system Big hydr system
Controllability Dual drive Dual drive Single variable drive

System complexity

Two existing systems

Complex closed hydr.
Transmission, energy
buffered

Closed hydraulic system,
variable flow/pressure.

Table 0.3, S-diagram assessment desctiption

The weighted average of i aspects of concept j X; in percentages can be calculated using the following. The

equation is set up to calculate a percentage between 0% and 100%. The results are shown in Table 0.4.

100

n
¥ = 1) s WF) ¢
x] — ((xl,] ) * l) *n % Z?:l WFl

i

Functionality Realization
Concept 1 79,2 75,0
Concept 2 91,7 50,0
Concept 3 54,2 75,0

Table 0.4, S-diagram concept input
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Appendix E. Vector-based calculation model
MathCad model calculation on the crosshead during
the opening and closing movement

Vector based model

This MathCad15 model is set up to calculate the power and energy usage in different stages.
The data is feed-forward controlled on a pre-defined speed, which also serves as the input for this calculation.
The test data is obtained as data in time samples, thus a vector / matrix form. Firstly, the raw test data is
analyzed. Hereafter, a function based model s set up to approach the vector based model.

The function based model comes in handy if the acceleration or deceleration speeds are varied and adjusted.

The latter process is very hard to do with a vector based model.

The table of contents:
s Generalinput data
# \ector based model
1. Input data
2. Ratio between LSP and the crosshead
3. Phase times
4. Rotational energy
5. Kinetic energy
6. Strain energy
T. Frictional energy loss
8. Energy conclusion

A IPM (Ideal Physical Model) has been made of the situation. All the gear ratios, masses, forces and energy
direcfions are induded in the model. The IPM can be seen in the folowing figure:

2] Xop

—>» —>

Xrsp

—>

Elll

ig

o Jtor _6 ! LU |

trsp

aiCa
A

E

strain

Msp

.‘_I ‘_I

Erae Bl R_CH

Closing unit drive design

H

Exin_vse

Axysp

A7



_~ Hanzehogeschool
- #~ Groningen
University of Applied Sciences

General data:

Motor properties:
Motor intertia:

Muttiplication factor:

Rotation inertia:
Gearing:

Masses:
Multiplication factor mass:

Mass crosshead:
Mass LSP

Mass mold

Closing unit properties:
Fyop = 4400kN

ltiebar = 398Tmm

d = 115mm

tiebar -

Eqee] == 210GPa

stee

Closing unit drive design

Ly = Lnotor lsy = 0.092kg-m™

. 20,92 mm
I, = ——
B 2-m rad
m,_, = 0.95

sV
m, = mg,-275kg

my gp == mg, -4060kg

mp o1d = Mgy 1333kg
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Vector based model:

1. data
Several tests are performed on the machine to Fxtdata
fully understand the dynamic behavior. The tests MO e I ciectc s
are inserted via the Excel shest. )
Making the data suitable for this MathCad sheet:
direction: d\,{i} = Extdataj. 5
Tme: t\,m = Extdatam-s
. . -3im .
Veloaity: v\,ﬂ} = Extd.ataj. l-I'EI -—-d\,{l}
. E]
Torgue measured: Tl = Extdatai 3-{N-m]
Samples:  samples == 1140
Veector: i:= 0..samples — 1
—— tond = samples-0.002s = 2285 t = 0.002s

. _ vy di)

Motor npm: nm_dﬂ = i
g

ny (10} = 0-rpm

Crosshead speed and motor rpm; vector based

\Eiﬁﬁ.

1.2 310
0.8 210’
, E
0.4 1x10 =
';‘ [ S
E _ 60 E_
= Wi o all i VM -— &
3 — w2
2. 2
v 3 =
-04 1= =10 I=]
I~
—osl - 210?
3
-12 — 310
0 023 046 068 091 114 137 16 182 205 228
(0
Time [s]
A.9
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Distance: Stot_v = 2 {vvm ts} =0512m
i=2

2. Ratio between the LSP and the crosshead:

The Isp moves at a different speed relative to the crosshead. In order to property map the kinetic energy of the
heavy LSP it is important to consider the transmission ratio.

Paint 1 (crosshead) and point 5 (LSP) only mowve horizontally. The black circles are the rotation peints. So
friangle 2-3-4 represents a toggle, line 1-2 and ine 3-5 represent the other toggles.

Xch Xpsp

L| = 255mm L3 = 83mm Lj = 175mm Y¢ = 535mm ‘r’l = Ll
LE = 169 Tmm L4 = 260mm LG = 500mm YS = 440mm
Max angle:
Max angle if _ Y4 Y5
toggles are Cotmax = AC0S Latlsiily)” 84.168-deg
aligned:
Maxrange LSP: X, ¢p, . = sinfoyg o) (Ly + Ls + Lg) = 930.161-mm

= Xg = Si"{“mtmax]'l‘4 Yg=Yq- ':m{umtmax}'l"d-
Posttion 2: Xo = Xg = ms{“mtmax}'LE Yo=Y Sj"{umtmax]'LE

Yy - Y
Gamma: g = asin| ———— | = 84.88-deg
Ly

Max crosshead
posrelaive o Xy oy = X — cos(o) L = 234.872-mm
gonio 2ero

Crosshead position relative to goniometric sketch origin:

Closing unit drive design A.10
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1
sl WURS S CYON

i=2
Xy (i) = Xpp(i) = (Xpp(500) — Xopay)

LSP position as a function of the crosshead position:

Length LT: Ly = ’Lf F Ly

Length L8: Lg(i) = ‘f}:,mz +(Yy- Y|}2

L3
Angle at: o] = atan ]__4

X|{1}
Angle a2: Oga(i) = mn Y- ¥,
{L J+ Lo+ L {1]
Angle a3: 3{1} = ac 2 7 8
Position 3: X3(i) = sin(ag) + agy(i) + ags(i))(Ly + Ls)
Y3(i) == Yy — cos{ayy + agsli) + eg3(i))(Ly + Ls)

Ya(i) - Y

Angle L6: By (i) = am[ﬁ]
Lg

The position of the LSP as a function of the position of the crosshead:
Posiion LSP:  X(i) == X4(i) + cos{By(i)) Lg
Xs(i) — Xgli — 1)
tv{i} - t,.,(i -1

vLspll) =

Closing unit drive design
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Position and speed; Crosshead and the LSP

1 T 2
0.75
0.5
— T
=] . 0.25 ) =
-: Xyl ) v i) .E.
i z
2 X0 Vispl) 2
=T —_— =
o -0.25 =
=05
=075
-1 -1
0 0228 045 0684 0912 114 1368 159 1824 2052 2328
L, (1)
Time [s]
3. Phase times
Several phases have been created in which the speed pattern of the machine changes. Later on, the speed
characteristics of the machine during the phases are approached. The phases are shown in the figure:
t & t3 ty ts ts 17 t14

Closing unit drive design
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Tmeinstances:

Starting time: toiart =0
Ending time: tond = 2-285
Sample time: t,=2-ms
Accelerating 1: tacel = 023

Decelerating 1: tjec] = 0433
Accelerating 2: ticer = Ols
Decelerating 2: tgecy = 04758

;rr;gel?rt:?sdemed ty = tgan ty = t; + O.1s
' ty =ty + g ty = t3 + 0.05s

tj = t4 + tdf_'fl tﬁ = [5 + 0.1s
ty =t + 0.1s tg=tg+ 02s
tg = ta + 0.1s tlﬂ = [g + 0.05%
tll:= Tlﬂ-l‘ﬂ.ﬂ?iﬂ t|2:= t|.1+[a1:1:2
t|3:= T|2+0.|.253 t|4:= t|.3+tlj.f_'ﬂ2
115 Tend

4. Rotational enerqy

Rotational energy of the vector based model:
. l
Rotational energy formula: £y (i) = —- iy (g y()) (1)

To prevent a shocky character after diferentiating over small ime intervals, a moving average is taken.

Moving average range: W= 8
i i
z Erot_y(i) z Erot_y()
Moving average: Epp v Mali) = if] i < w,j =0 . 1j = i~ 1
- i+1 W
Rotatonalpower Prot (1) = {Emt—v—M‘Am _ Em[—"'_M-’“Lﬁ B H]

tli) =t (i — 1)

Closing unit drive design A.13
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Comparing energy to moving average energy
6107
w10
E Emt_v{j]
=] 0
8 E.. . sl
= rot_v_MaA
8 —
= = |.l:|3
- 10
0 0.57 1.14 1.71 238
t,()
Time [s]
5. kinetic enerdgy

Kinetic energy of the vector based model:

t
. 0.8
Defining when the LSP  Statusy gp ogq (1) = |1 if 12— Ai <o
& the mold are moving: - = Ly L
0 if i 2B, 1A
tS tS
. 14255 lend
1 ifiz Al =
ty tg
Kinetic energy: E i)=d (i 1 )2+ - 8 i f'z
' kin_v(1) = dy{i}} Z-mp-v (i) + 2'{“‘L5P + Mypo1g) StAtUS; gp_motd v(1)-vLspli)
Moving average range: wy = 8
i i
> Exin ) > Eyin_y(0)
N i=0 h i= i—w2+1
Moving average: Epin v Mali) = if| i < w, -
- = i+1 Wy
Epin + (1) = Egin + (i-1)
sonal : Py (i) = { kin_v_MA . kl.n_\_MA ]
— tdi) —t i—1)
6. Strain energy

the strain energy is approached by a linear buid-up strain form 0 to its maximum strain in the desired time
period. Firstly, the maximum strain is calculated:

Closing unit drive design A.14
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Tie bar area:

Potential strain energy:

Strain:
Strain in length:
Strain energy:

Linear strain
formulas on the
desired time slots:

Closing unit drive design

1
V-E£"=—
2

1
Egtrain = 5 {A'nehar 4- ]II'EhEI [ J
tlehar

Fiot -4

—_— =5043% 10
”"ti-;:l:ltm"4 Este:el

Etest =

1.& = .I'TthEI.E[EST =2.011-mm

I = 10°]
2
1
1 A
Egtrain = 5'{‘*‘[iehar'4']tiehar}'Estael' Lo =4423k
tiehar
E 0.8
Eriohar V()= |0 Fiz— ai<—
- Ly Ly
Eiest Et-.=r5-t":"'E ) 08 . 09
At — fiz— alzc—
0.1-s 0.1 t t,
. 095 1.35%
Eiost ifiz— ai
i L
“Ciest | Eiest 1.45 1.35s 1.45s
it + if 1z Al
0.l1-s 0.1 g t
5 Lend
0 ifiz— Ajec—n
I i

srordh
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L'

Tiebar strain

6.05158<10"

5.04200x10 "

40343910 *

 302s79x10” "
Etiehnr_'v.-{’]

— 20171910

Strain [-]

1008610

0

- L_ms&-cm“u

038 0.76 1.14 1.52 19 228
()

Time [s]
. . . | a2,
Strain energy formula: Estrain_v{l} = 5'{‘ﬁ‘tiehar'q"]tiehar]'Estael'{Etiehar_\f{]]] dy (1)

Moving average range: wy =8
i

i
Estrain_v':j ) z Esrrain_vu ]
=0

) j= j= i-w3+1
MD"-'I‘IQ avarage: eqrain v MA{I} = if] 1 < w, - »
S g i+ 1 Wy
Rotational power: P ()= {Estmjn_v_MAm - Estmin_v_h-{h{j B ”)
strain_v2 t i) -t fi—1)
1. Frictional enerqy loss

The total frictional loss is estimated by comparing the cakulated and measured energy balance. A this way,
the friction loss can be approached.

Egriction = 3K
Ec- .-
frict
Periction = e _2143kW
g =ty + 4 -1y
. -
Pﬁ'jctiun_vu} = | Phriction 12 t_ Al t_
5 5
t5

0 ifi1z2— a1z —
tg g
L § I P
_Pfrjct:iun 1f12t—n1{t—
5 5
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B. conclusion
t t7 + 0L01s
Anti-overshoot by Status, (i) = |10 i2 =2 6 <
flipping over 0 iy I
t- + 0.01s tg —0.01s
0 ifiz 7 Al 8
ty ts
tg — 0.01s t
lif iz i<
iy s
Total power: Piot (1) = {]:'n:nt_v'{i]I + Prin (1) + Pgigin (1) + Plﬂ'is::ti|:||'1_1..r'{:i\J]'5tEm'lE'l'uin.m'al'{’.:|
Corrected strain . _ .
power: Pstrain_vel1) = Pytrain_y(1)-Statusp ey (1)
1
Crosshead force: F i)y = —— [P i)—P A1
Ch_‘-"(l} Y\.I‘(i}'d\"(j] { IGT_\-'{]] rD[_‘tl::ﬂ)

Protkin{l) = Proy (1) + Py (1) + Phicgion (1)

IMeasured power: Peasured(l) = nm_,_,(i}-"rml[i}-d,_,{i}

APgirain(!) = Preacured(! — Protkin()

Power; vector based model

1.8¢10°
1.5x10°
1.2¢10°

210
Pror_y()

P (i)
_km ¥ 10

Psu‘ain_vcm ol

Pior (D)

610

Power [W]

- 310

— 10

- o10”

—1.2x10°

5
= L.5«10
0 0.23 046 (.68 091 1.14 1.37 1.6 1.82 205 228

(D)

Time [s]
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Comparison; calculated and measured power

1.8x10°

1.5x10°

1.2%10°

910 |

G 10 | /

Pmensuredm x m"

Pro_v(D 0

l
- 310* | \ I/

—ex10°

Power [W]

- o10”

- 1.2¢10°

- 15x10°
0 023 046 068 09 114 137 16 182 205 228

()

Time [s]

Change of energy: AE M) = Py i)t
"'J‘Ekin_'.f{i:|I = ]:'kin_'.f':--i:|I L
"'J‘E:?.train_v{i:|I = ]:':?.train_v'{i:|I L
AE (i)=P

tot_v tot_vii) s

Energy balances can be created to calculate the used energy (integrafing the power over fime):
Rotafional energy:

4 hJ hd Kt
% % s s
Emt_v_in = Z ﬂEIﬂt_\r{j} + Z ﬂEIﬂt_\r{j} - z &Emt_‘lr{jl] - z ﬂ"Erm_v{j]
b s tg=0.5s BY!
i=— i=— i= j=—"03
% ks & &
ig t?+l}.Ss 0 1141-0.0015
= — 4.5 S
% % i s
Emt_v_reu: = Z "'J‘Emt_'.r{j]I + Z "'J‘En:nt_'.r':rII - z E“E'n.'nt_v'{j\J - z E“Erm_'l..r'{-rII
. % __No 3
.]—ts .]—ts l_tg ]_I'g
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Kinetic energy:
4 i 9 "3
s s i s
Ekin_v_in = Z ﬂ'Ekin_vU]' + Z ﬂ‘Ekirl_'.'UwII - Z ﬂ‘EIrJLn_'I..r':JWII - z &Ekil'l_"-’{j-]
I5 tg—0.5s I
j=— i=— j= j =—+05
ks s & s
i to+0.55 R by 4+0.001s
— —+0.5 ——
' s s s
Ekin_v_re:c = Z "ﬂ'"EkiJ'L_v{j\JI + Z "'l""Elr.in_'.f";j\JI - z &Ekin_v{j] - z &Ek_m_.,_,{j]
! s Yo N3
== == 1=— 1=—
s ' ks
Sirain energy:
(t7+0.055) t;+0.001s
S ks
Estrain_v_in = Z AEgrain vi) Estrain v rec™= z ~AEgtrain_vU)
s ) tg=0.01s
== 1=
s s
Total energy:
U s 9 "3
' S i s
Eist v in*= Z AEjq (U + Z AE ) - Z AEq ) - z AEiot vU) + Efriction
. " _ '
== == 1== j=—+035
s ks s ks
= — — 0.5 _
s s k5 ks
Etot v rec Z AEig ) + Z ‘ﬁ'th:nt_w.fU\J z AEr ) z ‘ﬁ'E'tq:nt_v':j\J
4y _ g o I3
1=— 1=— j=— 1=—
ks ks i s
Concluding:
Energy in: Theoretical regeneratable energy:
Rotafional: Emt_v_in = 10.485. k1 Emt_v_re:: = —10.663-k]
Kinetic: Ekin_v_in = 14918k Ekin_v_rec =—14.735-kJ
Strain: Estrain_v_in = 4423k Estmin_v_rec =—3.989-k
Total: Etnt_v.r_jn = 32045k Etu:rt_v_m: = -25967-k]

Closing unit drive design
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Appendix F. Acceleration variable calculation model
MathCad model calculation on the crosshead during
the opening and closing movement
Variable model

A reliable model has been buit up in the vedor-based model. Now the goal is to adapt the model, so the
accelerations can be adjusted. By making the model variable in acceleration and speeds, it can be
researched what the possibilities are in the behavior of the machine.

The table of contents:
1. Generalinput data
2. Phassa times

3. Ratio between the LSP and the crosshead
4. Rotational energy

5. Kinetic energy

6. Strain energy
7

2]

9

Frictional energy loss

Total power
. Energy conclusion
10. Calculations regarding the model evaluation

Evaluation sheet

A IPM (Ideal Physical Model) has been made of the situation. All the gear ratios, masses, forces and energy
direcfions are induded in the model. The IPM can be seen in the folowing figure:

] ey Xisp

By —
trsp

tg

o feor _E ! My ﬂ Mysp

E'Hr(llll

Ercl: Ekl r_CH E-'i’-:-'l LEP
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1. General cata:

Moator properties:
Motor intertia: I motor = l].[llSEk.g-rrJ2
Multiplication factor: Iy = L1
Rotation inertia: I = Inotor kv = D_Dﬁdnkg-mz
Gearing: i, = 20.92 mm

g 2-m rad
Masses:
Mulipiication factor mass:  m_, = 0.95
Mass crosshead: mgp = m“-z?ﬂkg
Mass LSP my gp = mg,-4060kg
Mass mold M o1d = Mgy 1533ks
Closing unit properties:
Eyop = 4400kN dyiohgr = 115mm
Lichgr = 3987mm  E__ = 210GPa
Time properties:
tstart = 08
tstep = 0.0025s
ts = Ystep

Closing unit drive design
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2. Phase times

Several phases have been created in which the speed pattern of the machine changes. Later on, the speed
characteristics of the machine during the phases are approached. The phases are shown in the figure:

—

Lt i3l ts ts t7 ti3 t1q
t12
. m ) m . 16 m m .
Vmax = I: daeel = 5_2 Adecl = ?_2 A30c2 = 7 _2 Agec2 = 2 1_2 Sstroke = 0-312m
5 5 5 5
Starting time: t) = tgar
L
Tme before &afier accaleration: ty =t + O.ls tyi=ty + max
Aaecl
. . X
Assuming constant acceleration: 5 = Vo't = "'gem‘a_v
Distance without t3-t4: .
m m m m
Vo Vi Viax T 0.2; Vmax — 0_2; (0.6 + 0_2]; (0.6 + 03];
Scomst = . + - - 0ls + —.1s
2 aﬂl:l:]. 2 adECl 2 2
m
v - 02—
5 — 5 max
Tme before &afier deceleraiion tgi=ty + Zstroke  “coust tg =ty + - 5
Ymax ddecl
Locking crosshead: te=ts+ 0.1s ty = tg + O.s
Starting to open: tg =ty + 0.2s
t,:;|| = IE + 0.1s tlﬂ = tg + 0.05s t11 = tll] + 0.075s

Closing unit drive design A22
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Vi — 03—
Tme after accelerafon: ty3 =t + >
dgce?
0.5— (05+03)— Viax £ 037 Vax - 03—
Sconst = ———0.1s + 0.5 =-0.055 + ——————.0.075s + = —
2 5 2 2 aaccz 2 adﬂcz
5 — 5 L
Tme before &afier decelerafion: t|3:=t|2+M tyg=ty3+ o
Ymax ddec2
Ending time: 5=ty + 0ls tend = 15
Speed in function m
P ve(t)= |0— ift2ty at<t
over time: fl s 1 2
Ag001t — B001ta if'tztz.at{tj
Vinax it‘tatjat{h
m . -
‘“decl't"‘ﬂ-z:*adecl"ﬁ 1Ft_t4nt<t5
4Et+0.2? —4%-:5 if'tEtSAt{tﬁ
5 5
—3.SEI + G.E-E + 3.5£-t6 ift= tg At <tq
g s 52
0? if'tzt?;xt{ts
m m
—S—t+5—tg ift2tgat=t
N N 8 8 ]
k3
—O.SE iftztgntﬂm
5
g m m 8 m
——t-05——-——-t iftztypat<t
3 2 s 3 2 10 10 11
5 5
m
—aam2t+aamj-t11—ﬂ.3— 1ft3_*t11.ntf:t12
5
~Vimax if'tétlz.at{tl»j
adECEI_adEﬂz-tld- ift2t13r\t<tl4
OE if'tétmnt{tls
5
‘L’fll:T —0.01s) + ‘L’f'll:ﬂ
Speed average: v(t) = .
Tmeiniervas .= tstart- tstep- tend
v {t} . t-|,|+t3
Motor rpm: ny, flt) = f Direction in a function: de(th = | iftz0sat<
—_ 1
£ t-|,|+t3
(—1) iftz Attt

end
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Speed & motor speed; time based function

1.1
3
0.733 210

t
7] 0.367] g
> 3

60

= t —_—
2 vy g 0 "m0 B
§ """ =
o =]
-~ - 0367 5
=
e

- 0733 — 210°
-1 —
] 0.373 0.746 1.119 1.491 1864 2237
i
Evaluation: Time [s]
Closing:  Acceleration time: tyee] =ty —ty =025
Constant speed: ty —t3 =0.057s

Decaleration time: tgec] = t5 —tg =0.43s

Opening:  Acceleration time: taeer =tz — 1ty =0.1s

Constant speed: ty3 —tjp =0.129s
Deceleration time: tgecy = t1g — ty3 = 0.476s
Diry cycle time: try = t1g—tg +t7 —ty = 1.837s

Converting function based model to vector based model:

t -t
nd ~ st
Integers = round = = = §94
'step

i= 0.. Integers
v li) = ‘rf{i'tstep}
t (i) = i-tmp

_ v li)
n., ,_,{1} =

d (i) := df{i'tstep}

Closing unit drive design A.24
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3. Ratio between the LSP and the crosshead:

The Isp moves at a different speed relative to the crosshead. In order to property map the kinetic energy of the
heavy LSP it is important to consider the transmission ratio.

Point 1 (crosshead) and point 5 (LSP) only move horizontally. The black circles are the rotation points. So
friangle 2-3-4 represents a toggle, line 1-2 and ine 3-5 represent the other toggles.

Xeh -
o

L = 255mm Ly := 85mm Ls = 175mm Yy := 535mm Y=L

Ly := 169.7Tmm L = 260mm L = 500mm Y := 440mm

Max angle:

Max angle if Yq-¥s

toggles are o tmax = ams(m] = 84,168 deg

aligned:

Max range LSP: X; gpo = sinfoyg o Ly + Lg + Lg ) = 930.161-mm

Position 6: Xg = Sin{amtmax]'l‘ﬁl Yo=Yq- u:ns{ctmtmax}-l-q,
Position 2: Xy = Xg - cm{ﬂ'mmlax}'LE Yyi= Y- Sin{ulﬂtmax]-LE
Yy - Y
Gamma: Mg = asin) ——— | = B4.KE-deg
L
Max crosshead
posrelatveto X, o= X, - cos{“fu]-Lz =234.872-mm
gonio Zero

Crosshead position relative to goniometric sketch ornigin:

Crosshead _ i .
position: Xep(i) = Z. {‘r\'{ﬂ tstep}

i=4

X () = XD — (Sstroke ~ Xchmax)

Closing unit drive design A.25
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LSP position as a function of the crosshead position:

Length LT: Ly = ||L32 Ly

Length L8: Lg(i) = J}{,mz +(Yy- Y|}2

L3
Angle ai: (g = atan L_4

|{1]'
Angle o2: Og(i) = ““m _
{L j+ L+ + L {J‘J
Mgbﬂa' 3{1'} ‘= ac 2 7 8
Position 3: X3(i) = sinfogy + agali) + eg3(i))(Ly + Ls)
Y3(i) = Yy — cosfay) + ago(i) + ag3(i))(Ly + Ls)

Angle LE: Bgli) :

[ Y3(i) - Y5
asm| ——
Lg

The position of the LSP as a function of the position of the crosshead:
Posiion LSP: X (i) := X;(i) + cos(By(i)) Lg

Xs(i) - Xg(i— 1)

tv(i} —t,.,(i -1

Speed LSP: v gpli) =

Position and speed; Crosshead and the LSP

Position [m]

-1 -2
0 0.223710.447419.671129.894838 .1 18548 342257 56596178967 0133 86@.237095
(i)
Time [s]

Closing unit drive design

vy (i)

"LSP'-"}'

Velocity [m/s]
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The working speads and gear ratios are know. So, the energy can be calculated.
The energy to doselopen the dosing unit is splitted into 4 parts, namely:

1. Rotational energy of the motor

2. Kinetic energy of the crosshead, the LSP and the mold

3. Strain energy of the tie-bars as a reaction of the clamping force

4. Frictional energy loss

4. Rotational energy

Rotafional energy of the vector based model:

. ) 1 2 .
Rotafional energy formula: Epor (i) = E"m'{“m_vm] -d (i)

To prevent a shocky character after difierentiating over small ime intervals, a moving average is taken.

Moving average range:

Moving average:

Rotational power:

5. Kinetic energy

w= 16

> Eoiyl) Y Bt

i=0 J = i=w+l

E . (i) = iff 1 =< w, :
rot_v_MA i+ 1 W

{Emt_v_]"\-t-"uﬁ] B Erut_v_MAﬁ B H)
t i) —ti—1)

Prot (1) =

The LSP and the mold are not moving along with the crosshead at the whole cylce, therefore a
function is made to describe the status of the LSP and the mold:

Defining when the LSP
& the mold are moving:

Kinetic energy:

Moving average range:

Moving average:

Rotational power:

Closing unit drive design

Statusy gp_meld_vli) = |1

t t

5 11
0 ifiz—nic—

IS IS

t t
1 d
| Fiz—nig—

. 1 2 l . 2
Ekin_v{l} = d\f{l}'[g'mch'vvm + ;'{mLSP * mmcrld]'StamSLSP_mn-ld_vf]:""rLSFf'\] :|
Wq =35

i

z Ekin_v"rj )

Ekin_vfj )
0 j= i—w2+]

j=

Ep. . (1) = if| 1 < w, .
kin v MA ie 1 w,

(Exin_v MA() — Ekin v Ma(i— 1)
i) -t li-1)

Pkin_vﬁ} =

A.27
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6. Strain enerqy

Strain energy of the function based model:

Te bar area:

Potential strain energy:

Strain:

Strain in length:

Strain energy:

Linear strain
formulas on the
desired time slots:

Eliebar_v( i)

Strain [-]

w 2 2
Atiebar = 7 dtiebar = 0.01m
1 1 2.1 N 2
E, . ==Vge=—-VEeg =——0qg
ol B 2 2 E
1 2
1 A
EStrain = '2"(Atiebar'4'lliebar)'E{] + }
tichar
F,
tot 1 o
Eppgg = —————— =5.043x 107
Atiebm"4 Esteel

IA = liebar €test

2.011-mm

K= 10"
2
1 A 5
Estrain = ;'(Aﬁebar"“tiebar)'Esteel' e | =4.423k)
= tichar
0 t5
Egebar V)= |0 fiz—Aic—
- ts ts
Eest . Cest's B 1§
Aty — ifi2—Ai<—
0.1-s 0.1s tg tg
6 t9
Eegt If iZ2— Ai<—
tS lS
“Eest etest'(t9 * 0'15) . T
At + fiz2—Ai<
0.1-s 0.1s tg
tg + 0.1s t
9 d
0 if i Al —
< le
Tiebar strain
5.04299x10 %
37822410 *
2.52149x10”
_ 4
1.26075x10
)
0 0.559 1.119 1.678 2237
(1)
Time [s]

Closing unit drive design

SI

(s

STOR(W

19 + 0.1s

S
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Anti-overshoot by
flipping over 0

Strain energy formula:
Moving average range:
Moving average:
Rotational power:

T. Frictional energy loss

Stamsneutm]{ i) =

y 4
o tgan 7+ 0.0Is
1 if iz Al
te Ig
t= + 0.01s tg — 0015
7 b
0 ifiz Al
L I
o g 00ls oty
1 if iz Al
L L

) 1 42 )
Estrain_v{ﬂ = 5'{‘ﬁ‘tiehar'q"]tiehar]'Esteel'{Etiehar_vm] -dy (1)

Estrain_v.r_M,aLm' = if| i < w,

Pstrain_v{ i):=

{Estrain_v_]\-'lﬁm B E‘strajn_v_MA{j B H]

; i
z Estrain_v{) Z Estrain_v())

j=0 j =t=wgtl

i+ 1 ’ wy

-Status

t (i) —t(i— 1) neutral(!)

The total frictional loss is estimated by comparing the cakculated and measured energy balance.

Efriction = 3K
Efricti

Pfriction = —= = 2.125kW

t5 —tz +t|4‘_t||.

) L
Pﬁ-jctj,;,.n_\rﬂ} = |0 ifiz t_ Al t_

5 5
b

8. Total power

0ifiz— aix

tg

ts oh

0ifiz—aic—

iy ts

t

i

Ly end

iy iy

t
- ) 5
Pfrjction ifiz—aAai<—

3

p P L &
—Priction ! 12 .A]::t

3

For a smooth gradient of the power curves, a weighted average & taken over a time interval

Total power:

Crosshead force:

Closing unit drive design

Pior (1) = {Prut_vm' + Prin_y(1) + Pgprajn (1) + Pffiﬂ[iﬂﬂ_‘-’{j]]-Statusnﬂutmliﬂ

. 1 : .
FCI'.I_"-’(.I'-} = v (i)-d. (i) .{P[GT_\"{]:I - PI'D[_\’{]-:I]
v v
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Power & force; vector based model

1.8x10°
1.5<10°
1.2x10°
ae10*
Prop () 4
L — fx 10
= P (i)
= . w10
2op_ i)
slraim v
E ! 0
Prop_vi¥ - w10
- 6x10"
- o10*
- 1.2¢10°
5
= | S ]
0 0.22 0.45 0.&7 0.89 1.12 1.34 1.57 1.79 201 224
L,(i)
Time [s5]
Change ofenergy:  AE . (i) = P, (i)
AEL;, (1) = Py it
ﬂ‘Estrain_v{ﬂ = ]}:?.train_v'{ﬂ I
"'1"Et|:n-t_1|.-'{ﬂ = Ptot_\-'“}ts
ram foren calculations:
ergy
Energy in while closing: Energy;, .jose(X) = |mx 0
ypart sum — 0
- - ta + t
Energy = Z AEx i) for ie 20..roun 0_5-{7—+E)
& x1)
sum 4— sum + o if & > mx
sum
Energy regeneration while closing: Enﬂg}rreg_‘:]ﬂsem = |mxe0
ypart sum 4 0
- - ta + t
Energy = Z AEx i) for i 20..roun D.S-M
i= Land ts
& x1)
sum < sum + 6 if & < mx
Sum
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Energy in while opening:
Ltart

Energy = Z ‘ﬂEx_vU-}
i =t¢m-_|

Energy regeneration while opening:

Lpart
Energy= )" AEy (i)

] =leng

\Eiﬁfﬁ.

Energy;, n-penf = |mx« 0

sum « (1

(t7 + IE] tend

for 1 e round| 0.5-

& xi1)

sum < sum + & if & < mx

sum

Ene*rg}rreg_npen{x} = |mx <« 0

sum — 0

(t7 + IE) :m_d

for 1e round| 0.5-

& xi1)

sum 4 sum + & if & > mx

sum

Energy balances can be created to caloulate the used energy (integrating the power over ime):

Rotational energy: Emt_v_in = Energy in_c]use{ﬂEmt_\f} — Energy, in_open{ﬁ'Emt_v] = 6.894-kJ

Emt_v_rec = E"Hgyreg_c]ﬂse{ﬂEmt_v} - Enﬂgyreg_npen{&Erm_v] =—(.804-k]

Ekin_\'_in = E"Hg}rin_cluse{&Ekin_v} - Enﬂgyin_ﬂpan{ﬁ'Ekin_v] = 18.074-kJ

Ekin_v_rec = Energy reg_c]ose{é‘Ek_in_v} — Energy, I‘Eg_l:rpen{ﬁ‘Ekjn_v) =—18.074-kJ

Estrain_v_in = EN"®in_close( AEstrain_v) = Ener2¥in_open( AEstrain_y) = 44231

Estrain_v_rec = Enﬂg}']’eg_c]gge{ﬂ'Egtmjn_v} - Enﬂg}rreg_upen{ﬁ‘Estrajn_v] =—4.423k]

Emt_v_in = Energy in_c]use{ﬂEmt_v) — Energy, jn_.;,pen{ﬂ-Emt_\r] = 30.005-kJ

Eyor v rec = ENeTEYeq o ose{ﬂEmt_v] — Energyroq op en{&Emt_v] =_26.76-k]

Kinetic energy:
Strain energy:
Total energy:
9. conclusion:
Energy per destination:

Energy in:
Rotational: Emt_v_in = 6.894. k]
Kinetc: Egin_ v in = 18:074-]
Strain: Estrain_v_in =4423K
Totat: Eyot_y_in = 30.005k]

Closing unit drive design

Theoretical regeneratable energy:

Erot v _rec = —6-894kl
Exin_v_rec =—18074-KJ
Estrajn_n,r_re,: =—4423-k]
Emt_v_m: =-26.T6-kl
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10. Calculations the model evaluation
En ase:
Y
roundy —
i
Eacel = Z ﬂEtl:r-t_*!.-'{j )

|
™
L
m
=]
-
=

Edecl =

Max power per phassa:

Pacel =

mx « 0

t t

2 4
for 1 & round| — |.. round| —

'[5 IS

8 Py (D)

mx +— & if & = mx

mx

Pde:cl = |mx+« 0

i t

4 5
for 1€ round| — |.. round| —

i te

8 Py (i)

mx +— & if & < mx

mx

Closing unit drive design

Edeca

acc? =

Pleca =

L3
round| —
IS

z Ay (i)

) 1
j = round —
IS
4
roundf —
IS

mx & ()

t t
for 1 & round i .. round| £
I t

8 Pmt_vm

mx + & 1f & < mx

mx-—1

mx & (0

tya t
for 1 e round 13 .. round ﬂ
i Ly

b« P

tot_v{1)

mx « & if & =mx

mx-—|
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Evaluation sheet:

Total dry cycle time: tdry = 1.837s
Acceleration time Energy infout Peak power
Acceleration m
g Bacel =5 tye] = 025 Ejeep = 13.605-kJ Poocq = 134.295-kW
5
Deceleration m n
oo Bect = 1TT8=  tgep) =045 Egee] = —11.927-kJ Pgec] = —66.539-kW
5
Acceleration
to open tacc2 =7~ tyoez = 0.1 Ejoen = —9-835-kJ P,oca = 65.479-kW
5
Deceleration m ,,
to DpEI"I “dec? =21 _2 tdECE =0.476s Edf_"ﬂz = 8.577-k] Pdﬂﬂz =—41. 434-kW
5
Energy per destination:
Energy in: Theoretical regeneratable enengy:
Rotafonak Emt_v_in = 6.894-kJ Emt_v_rec =—6.894-k]
Kinetic: Egin_v_in = 18.074KJ Ekin_v_rec = 18074
Strain: Estrain_v_in = 4423 Estrain_v_rec =—4423k
Total: Egor_v_in = 30.005KJ Eqot_v_rec = ~26.76-K)
Power & force; vector based model
1.810° 1.8
1.5x10°
1.2¢10°
ox10*
X =
— i 10
z 4 £
. . =10 i
S Py i) vyl ‘E‘
S ;
- 3x10° >
= fix ll:I'1
- 9x10"
- 1.2¢10° 1-12
- 15x10° -15
0 0224 0447 0671 0895 1119 1342 1566 1.79 2013 2237
LA
Time [s]
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Appendix G. Calculation iterations acceleration speed

In the new concept, the available drive power changes during acceleration and deceleration. It is important to
identify the consequences of a faster or slower speed change. Therefore, several iterations have been performed,
in which the acceleration varies between 0.5 and 7 m/s2. The results of the calculation (exactly the same
calculation as in the previous appendix, but with adjusted acceleration speeds) are displayed using an evaluation
sheet. Herein, the peak powers, energy consumption, and times are displayed.

-y
4

Acceleration speed: 0.5 m/s?

Acceleration speed: 1 m/s?

Evaluation sheet:

Total dry cycle time: tary = 3.423s
Max locking power: Pinax_lock = 100kW
Acceleration time Energy infout

Acceleration m

to close fa¢c1 =03 3 taee =095 Ejeey =3.109-K
s

Deceleration _aem —0s _

o close agec] = 0,572 tdecl = 0.5s Edecl =-1.383.k]
]

Acceleration m

fo.open face2 =05 taeen = 035 Egcen = —2.632:kJ
s

Deceleration m 5

1o open Becy = 05 tgeca =095 Egocz = 1.75°k1

B

Power & force; vector based model

Peak power

Pop = 641kW

Pgec] =—T-971-kW

Pyeer = BO04KW

Poca = —4.515kW

18
15
12
0.9
0.6

0.3 .
v, (1)

—0.3

Velocity [m/s]

- 0.6
- 0.9

- 1.2

B
z
o
(-
5|
2
~ 1.5x10° 15
0 0382 0765 1147 1529 1911 2294 2.676 3058 3441 3823
()
Time [s]

Evaluation sheet:

Total dry cycle time:

try = 26475

Max locking power: Prnax_lock = 100kW
Acceleration time Energy infout Peak power
Acceleration m .
o close Shee1 =1 thee) =0.655 Egeep = 6.006-k1 P op = 16.613:kW
2
Deceleration m .
© close fect =15 tgeer = 0435 Egec) = 4279k Py =-26.045kW
N
Acceleration m s "
toopen agec2 =17 taeen = 0358 Egeez ==5372:K Poco = 29.898-kW
2
Deceleration m .
toopen e =15 tgeco = 0635 Egecn = 4463k Py =-14.279-kW
N
Power & force; vector based model
1.8x10° 1.8
1,510 s
1.2x10° T2
910 0.9
4 =
—_ 6x10 0.6
= ! )
= . 3x10 0.3 Iy
T P vli) &
: d Tt
&= - 3x10] -0.3 £
610} 0.6
—9x10) =09
~ 12107 112
5
— 1.5x10 - 1.5
0 0305 0.609 0914 1219 1523 1.828 2133 2437 2.742 3.047
(i)
Time [s]
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Acceleration speed: 1.5 m/s?

Acceleration speed: 2 m/s?

Evaluation sheet:

Evaluation sheet:

Total dry cycle time: ldry:lzgs; Total dry cycle time: try = 2.07s
Max locking power: Prnax lock = 100kW Max locking power: Pmax_lock = 100kW
Accsleration time Energy infout Peak pawer Acceleration time Energy infout Peak power
Acceleration m Acceleration _,m _ _ B
1 doso Scel = 155 thcer =055 Egoe) = 71821 Pyoc) = 29.59kW 10 close ace1 =27 toeel = 04355 Egoe = 9.594k] Pooc) = #4.839.kW
§ s
Deceleration m Deceleration —,m - - . = K
10 close Ygec1 = 155 tyee) = 03675 Egeey = -5.4714J Pyec1 =—40337kW | toclose et =275 tgeet =03355 Fyeey =789k Piecy =—63391-kW
s s
Acceleration m Acceleration o - - . = X
to.open taeca = 15 tyeez =038 Egeca ==7.737k] Preca = 4535KW to open %ace2 =27 tace2 = 02855 Eyeep =-10.321K Pacey = 71.837-kW
H 8
Deceleration m Deceleration
_s - - - =0435 Ejoey = 9.361-kJ Py = —42.593-kW
o open 4oy = 1.5 B tgeea =058 Egoga = 6.802:k] Piecy = —2T181-kW |t open ec2 8 dec? dec2
s
Power & force; vector based model Power & force; vector based model
1.8x10° 18 1.8:10° 18
1.5x10° s 156107 s
1.2¢10° 12 1.2¢10° 12
4
910l 0.9 10
g i —_ 6c107] =
= 6100 0.6
E z E
B, 3x10°] = = ) 3x10] V=
5 P vl 2 g Piot_ul¥ vli) Z
g —_— ol 2 ﬂ? —_ 0| E
ey & )
~ — 310" 03 2 - 310 >
&
— 610} - 0.6 - 610
4
—9x10'] 1-09 - 9x10
_ 10’ 112 —1.2¢10° 112
~1.5x10° _1s — 15107 — — 1.5
0 0269 0539 0808 1078 1347 1617 1886 2.156 2425 2.695 0 0247 0494 0741 0988 1235 1482 1729 1976 2223 247
() (i)
Time [s] Time [s]
" N 2 R o 2
Acceleration speed: 2.5 m/s Acceleration speed: 3 m/s
Evaluation sheet: Evaluation sheet:
Total dry cycle time: tiry = 1.913s Total dry cycle time: Ly = 1.806s
Max locking power: Pinax lock = 100kW Max locking power: Prax lock = 100kW
Acceleration time Energy infout Peak power Acceleration time Energy infout Peak power
Acceleration m Acceleration m
o close ayce1 =25 taeey = 03885 Egeep = 11.852:K Pyeel =62.04TkW | | "o 4001 =3 el = 03335 E,oe1 = 11408k Pl = B0.9T9kW
B s
Deceleration m Deceleration
t© close 4ol =2 572 tgeel = 03085 Egeel =—10.159-k1 Pyecl =—8T686-KW| " agec1 =37 tgec = 0267s Egec) =-9.706-kJ Pyect = —93.003-kW
s H
Acceleration Acceleration
o open o2 =257 taeen = 02685 Egge2 = —12.801:k) Pacez = 9.052kW | (o 3002 :3% taeez = 0233s Egecn =-14.211kJ Pyc2 = 104.385.kW
B s
Deceleration m Deceleration m
1o.0pen 4een =2 572 tgeea = 0388 Egeea = 11.796:k1 Pieca = =60.07W |\ " on 4oy =3 S tgea = 0333s Egeco = 13.234-kJ Pyeca = -79.251-kW
s H
Power & force; vector based model Power & force; vector based model
1.8:10° 18 1.8:10° 18
154107 s 1.5¢10° s
1.2¢10° 112 1.2¢10° 12
910" 0.9 910" 09
A = 4 -
= 610 0.6 — 610 0.6
= E|lz E
= X 310° 03 T = . 2107 ey
g Pro Wiy 2 g tot_v(9 Wiy 2
E q A q 2
~3x10° -03 El — 3x10° 03 2
— 610" - 06 10 - 0.6
—ox10" - 0.9 — 10 -09
—1.2¢10° 1-12 — 124107 1-12
— 15x10° _15 — 1.5x10° 15
0 0231 0463 0694 0925 1157 1388 1619 1851 2082 2313 0 0221 0441 0662 0.882 1103 1323 1544 1765 1985 2.206
(i) (1)
Time [s] Time [s]
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Acceleration speed: 3.5 m/s?

Acceleration speed: 4 m/s?

Evaluation sheet:

Evaluation sheet:

Total dry cycle time: tyry = 17315 Total dry cycle time: try = 1:675
Max locking power: Pmax_lock = 100kW Max locking power: Pmax_luck = 100kW
Acceleration time Energy infout Peak power time Energy in/out Peak power
Acceleration m Acceleration _ _ _
1o close fgce1 =35 taee) =02865  Ejp =9.961-k] Py = 10L438kW | e tycc) = 0255 Egee) = 8919k P o1 = 119.496. kW
s
Deceleration m Deceleration
o close B4ec1 = 3_5_2 tgect = 02295 Egec) = —8249-KJ Pec] = —S4315KW | 0 oce agoc1 =4 > taeel =025 Egoe) = ~7-166:k] Piect = —74.327kW
B S|
Acceleration m Acceleration m
0 open fac2 =35 taeen =0.25 Egec = -14.579-k] Pyce2 = 96415-kW | 19 0pen acc2 =4 ti2 = 01755 Egeeg =-14.636-k) Poeca = 89.865-kW
] s
Deceleration m Deceleration ., m B B B
1o open Uecy =35 tgecz = 02865 Egoop = 13.605-kJ Pyoca =~94.08KW | 1ggpen Ggecy =4 tgecs = 0255 Egeco = 13.675%J Pyocn = -105.972kW
5 s
Power & force; vector based model Power & force; vector based model
1.8¢10° 18 1.8:10° 18
1.5x10% dis 1.5410° tis
5|
1.2x10° 412 1.2¢10
4
910} 09 910
— 4 =
—_ 6107 0.6 = | = 610 e
= p 2|2 3x10" -
— . 3x10 = 5 P (i) =
5 Py ol v (1) é‘ ‘i; Ctoty ) g
2 0 0 2 z 2
2 S o = 3x10 2
- 3x10 0.3 < - >
e
— 6x10'] o -exm4
— 910} 0.9 -0
£
— 12107 1-12 - 120
5 —1.5a10°
— 1.5¢10 — 1.5 0 0208 0415 0.623 083 1038 1245 1453 166 1868 2075
0 0213 0426 0639 0852 1066 1279 1492 1705 1918 2.131 ”
(i) i
. Time [s
Time [s] [s]
7 ) 2 g 5 2
Acceleration speed: 4.5 m/s Acceleration speed: 5 m/s
Evaluation sheet: Evaluation sheet:
Total dry cycle time: tdry = 16325 Total dry cycle ime: tdry = 1.597s
Max locking power: Pmax_lock = 100kW Max locking power: Prax lock = 100kW
Acceleration time Energy infout Peak power Acceleration time Energy infout Peak power
Acceleration m Acceleration m
1o dlose Beey =45 thee =0222s  Ep . =8.183k) Pycy = 132935:kW | <08 Agee = 5 Lyeeg = 025 Eyey = 777840 Poer = 146018k
s
Deceleration Deceleration m
lo close Bdac] tdecl = 0.178s Edecl ==6391-kJ Pdecl =—66.083-kW 1o close 85001 = 5_2 tiec) = 0165 Ejoc] = —5.914-K) Pjoc = —59.898-kW
s
Acceleration m Acceleration m
o open e =457 tacc2 = 0.156s Egeep =-14.572:kJ Pacea = B4S44KW 14 en Qee2 =5 tyeen = 0.145 Egeer = —14.456-k1 Pyeea = 80.748-kW
s s
Deceleration Deceleration m
1o open Agacy = 4 tgecy = 0.222s Ejecy = 13.621-kJ Pyacn = —115.464-kW 1o open Agec2 = 5—2 tgec2 =025 Egeca = 13.514-k1 Pyec2 = —123.596-kW
H
Power & force; vector based model Power & force; vector based model
1.8410° 18 1.8¢10° 18
1.5¢10° 1.5¢10°
1.2¢10° 1.2410°
910" 9x10°]
4 i 4 =
— 6x10 —_ 610
= o E | E
— X 3x10 = — . 3%10 ey
g P WO B | E R Sy
z o 2 2 o g
= —3x10% 2 = - 310" 2
610" 10
—g9x10% — 910
—1.2¢10° 4-12 ~ 1210
5 £
— L5x10 15 ~ 1.5¢10 1.5
0 0203 0406 061 0.813 1016 1219 1422 1625 1829 2032 0 02 0399 0599 0.799 0999 1198 1398 1598 1797 1.997
(i) (i)
Time [s] Time [s]
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Acceleration speed: 5.5 m/s?

Acceleration speed: 6 m/s?

Evaluation sheet:

Evaluation sheet:

Total dry cycle time: Ly = 1.5695 Total dry cycle time: tary= 1.5455
Max locking power: Prax lock = 100kW Max locking power: Prax lock = 100kW
Acceleration time Energy infout Peak power Acceleration time Energy infout Peak power
Acceleration m Acceleration m
o close el =55 el =0.1828  Ey o =739k Po) = 154624 kW | nc face1 =6 oyl =0.167s By =7.102:k Pyoer = 164.312:kW
s 8
Deceleration m Deceleration m
o close Bect =55 tgeel = 01455 Eyo oy =-5.475k] Pyec] =—S336KW | o et =6 tgeer = 01335 Ego ) =—5.138k] Pyegl = ~54.635kW
s s
Acceleration m Acceleration m
o open faccz = 55— taoea = 01275 Egopn =-14.338:k] Pace2 =T8292KW | i onen Baec2 =6 a2 =0.117s  Epoop =—14.263-k] Pycca = T6.927-kW
] s
Deceleration m Deceleration m
toopen Aeca =55 tdecz = 01825 Egoon = 13.367:kJ Paecy ==13LIEW | oo tec2 =6 tgecz = 01675 Egeon = 13.281.k Pyecs = ~139.085kW
s s
Power & force; vector based model Power & force; vector based model
1.8¢10° 18 1.8<10°
1.5410° 1.5x10°
1.2410° 1.2x10°
9101 910"
4 I N w
—_ 610 — 6x10
B, 30 g & s’ ) E
7] Pro D) ;‘ 5 Peo () vyli) Q
Pt i :
- 310°] 2 —3x10" 2
610 —6x10"
910 — 910}
— 124107 T1-12 — 1.2x10° 112
— 15107 - 1.5 — 1.5x10° — 1.5
0 0197 0394 0591 0787 0984 LISI 1378 1575 1772 1969 0 0194 0389 0583 0778 0972 1167 1361 1556 175 1.945
1,() ()
Time [s] Time [s]
7 ) ) R - 2
Acceleration speed: 6.5 m/s Acceleration speed: 7 m/s
Evaluation sheet: Evaluation sheet:
Total dry cycle time: tary = 15255 Total dry cycle time: tary = 1.508s
Max locking power: Pmax_lock = 100kW Max locking power: Prax lock = 100kW
Acceleration time Energy infout Peak power Acceleration time Energy infout Peak power
Acceleration Acceleration m
to close oo = 65— taeel =0.154s Epccl =6.885k] Pocel = 173.743.kW o dlose Bcel = 77j tace] = 01435 Egce1 =6 Pocl = 184.167-kW
B s
Deceleration m Deceleration m
to close A4ac] = 6.5—2 tgecy = 01235 Egecy =—4.881-kJ Pgec) =—34.847-kW 1o close agee] = 772 tgec) = 0-114s Egoc) = —+702:k] Pyee] =—55.553-kW
s s
Acceleration m Acceleration m
o open faccz = 65— taee2 = 0.108s Egoez = —14.176-kJ Page2 = 76.059kW | "0 a2 =7 tyee2 = 0.5 Eyeed = =14.07K Pyeed = 76.013:kW
B s
Deceleration m Deceleration m
toopen eed =637 tgecy = 01545 Egoey = 1317k Poey = ~MOT6TRW |\ Bec2 =7 tgeca = 01435 Egop = 13.019-k3 Pyeca =—154.349 kW
s s
Power & force; vector based model Power & force; vector based model
1.8x10° 1.8x10° 18
1.5¢10° 1.5¢10° 15
1.2¢10° 1.2¢10° 12
9101 910 0.9
4 = 4 =
—_ 610 —_ 610 0.6
i 310°] E E ) 3107] . E
B Pl w2 g Pro (¥ v 2z
2 — ‘ 2|2 ] 3
= - 3x10') 2 - 310 03 2
610 - 6x10°) 06
—0x10) ~ 910 09
— 1210 4-12 — 124107 1-12
~ 15¢10° 1 — 1.5x10° - 15
0 0.192 0385 0577 077 0962 1.155 1347 154 1732 1925 0 0.191 0382 0.572 0.763 0954 1.145 1.335 1.526 1.717 1908
(i) (i)
Time [s] Time [s]
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Appendix H. Model calculations

Three concepts are evaluated. The concepts are shown in the table below. The content of the electric mode, the
hybrid mode and the determination of the motors are further explained in the report.

Concept name

Electrical motor

Hydraulic

power volume
displacement
[kW] [cclrot]

Reference

70

2/3_concept

55

38,2

1/2_concept

35

103,6

1/3_concept

23

142,8

1/3_concept; electric mode 1/3_concept; hybrid mode
Total dry cycle fime: try = 21165 Total dry cycle ime: gy = 19255
Acceleration time: Energy infout Peak power Acceleration time Energy infout Peak power
Acceleration m E Acceleration m .
to close facel =225 =033 Eyppy = 4553k Pucet =40.904KW | e Saccl =42 tael = 02025 Eg g = 8264k Pyoep = B0335-kW
5 ﬁ_
Deceleration m . Deceleration m "
o close Bect = 17 tdect =035 Egey =-3.0490 e [y Aect = 147 fdect = 04645 Egeqy = 66784 Piegy = —41.592:kW
5 =
Acceleration m . Accelerafion m .
open B2 = 132 tyer = 03465 Eyooe = 6893k Poey =39.679kW | (8 a2 =15 theer = 01 Eyon = ~9.856K) Py = 65,358 kW
5 !i_
Decelerafion m s Deceleration m s
I open agoca = 24— tgon = 03135 Egooy = 5512k Paecy =-30.1784kW | S5 agoc =22 tgoes = 04555 Egon = 412K Pyoca = —41399.kW
5
Energy per destinafion: Energy per destinafion:
Energy in: Theoretical regeneratable energy: Energy in: Theoretical regeneratable energy:
Rotafional: ]'_-mt_\__-m = L06T-kJ Emt_\__m_ =-1.067-kJ Rotafional: Em_\__-m = 1473k Em[_\__m =-1473k
Kinetic: Eiin v in= 1151710 Ein, v ree = ~11517:KJ Kinetic: Eiin v in= 16.509) Ekin v rec = ~16.509:4
Strain: Eﬁnm_‘,_m = 4423k Eﬁtm-u.,_\,_rcc = 4425k Strain: Eﬁnm_‘,_m = 4423k Eﬁm-m_‘,_m = 4425k
Totak Eigt v in = 18.501:K) By v rec = 154364 Totak By y in = 8537 By v rec = 20477
Power & force; vector based model Power & force; vector based model
1810 18 18107 18
1510 dis 150107 dis
124107 12 124107 12
ax10’ 0.9 10’ 09
4 - 4 T
= 10 0.6 5 - 610
Z ! o3 E‘ Z EMT dos E
5 e, vz 5 Py Yo
- —_— o
~ 31 —03 2 — 310 =
— 10 06 — 610
—ox10 409 — 10’
ENT 112 — 120’ 412
~ Lo’ 15 ~ 15107 - s
0 0252 0503 0.755 1.006 1258 1509 1761 2013 2264 2516 0 0232 0465 0697 093 1162 1395 1627 186 2002 2325
iy LA
Time [s] Time [s]
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1/2_concept; electric mode

1/2_concept; hybrid mode

Totaldry cycle fime: '\']ry= 1.825 Total dry cycle fime: tdry = 1655
Acceleration time: Energy infout Peak power Acceleration time Energy iniout Peak power
Acceleration Acceleration
o close acel =2.75ﬂ1 lacel = 0364s  Eyoo) = 5.002.k] Pocet = 62.693-kW to dose e =4.2E1 tace] = 02385 Egeeq = 5181k Pyl = 10.T81KW
5 5
Deceleration m Deceleration m
o Bect =6—2 tdecl =0.133s Edcc] =348k Pd.ccl =-432001-kW o Becl =t’s—2 tdecl =0133s Edec] =-3527K Pd.ccl =—42901-kW
5 5
MAcceleration m Acceleration m
toopen Bace2 = 167 leer = 03Ms  Eg9 = 9651k Pacea = 60362kW | facc2 =773 taeez =015 Eyon = - 12688k Pooes = 65 804 kW
5 5
Deceleration m Decelerafion m
toopen agec2 =315 lgeca = 0275 Egeca = B362kJ Paea = -6147TRW | e agec2 =315 tgecs = 0317s Peea = ~73.009-kW
5 5
Enerqy per destinafion: Energy per destination:
Energy in: Theoretical regeneratable energy: Energy in: ‘Theoretical regeneratable energy:
Rotafional: Ergt v jn= 4733k Ergt v rec = —4733% Rofafional: Ergq y in = 5322K] Erot v roc = 3322
Kinfic: Eiin v in = 16.993K) Elin v rec = ~16.9931 Kinefic: Elin v in=20276 Efin v rec = ~20-276:K]
Strain: Eqrain v in = 4423 Eqrain v rec = —+4234) Strain: Egtrain v in = #4235 Eqtrain v rec = 423K
Totak Egot v in = 27442 Eiot v rec = 24247 Totak Eqor v in = 311035 Eiot v roc = ~27908)
Power & force; vector based model Power & force; vector based model
182107 18
1510 dis
12107
910
= o = 610 )
S E = \ E
= . = I =
R z B Fig D ) v 2
g — 2 o of o
5 3 |2 $
= EEwTY 2
— G0
— o0
e
_ - -
0 0222 D444 0666 0888 L1l 1332 1554 1776 1998 112 S T s 041 0615 082 La2s 133 1435 Lot ls4s 205
0 i)
Time [s] Time [s]
2/3_concept; electric mode 2/3_concept; hybrid mode
Total dry cycle fime: 'wdry=1-6335 Total dry cycle ime: try = 1.615s
Acceleration time Energy infout Peak power Acceleration time: Energy infout Peak power
Acceleration m Acceleration m
o dose Sacet =365 teel = 02745 Eyoq =581 Pocet = 823kW | o oce Sgcet =427 tyee) 02385 Eyj = 586K Pooet = 115.689-kW
5 S_
Deceleration m Deceleration
o Becl =t’s—2 tdecl =0133s Edcc] = 4008k Pd.ccl =45 819-kW to close tecl =0.133s Edcc] = -4.085k) Pd.ccl =45 854-kW
s
Acceleration m Acceleration
toopen facc2 =772 taee2 = 015 Eyec0 = 134854 Pacr = 65836KW | oo a0e2 = taeea = 015 E,n = ~13.499.K Pooea = 65.8T7-kW
5
Deceleration m Deceleration m
toopen ageea = 405— tgeca = 02475 Egoos = 123791 Pecs = 9849 kW toopen agecy =405 — tgec = 02475 Egoo = 123771 Poes = —98.468.kW
S_ S_
Energy per destinafion: Energy per destinafion:
Energy in: Theorefical regeneratable energy: Energy in: Theoretical regeneratable energy:
Rotafional: Emt_\'_in = 6.86-kJ Em_\,_m =686k Rotational: Emt_\,_-m =6.85% k] Em_\,_m = —£.859-kJ
Kinetic: Ein v _in= 204166 Eiin v roc = 20416k Kinetic: Ein v in=20427K Elin v roc = 20427k
Strain: Eiain v in = 4423 Eqtrain v rec = 423K Strain Erain v in = +423K) Eqtrain v rec = —4423)
Totak Eigt_y in = 32764K) Eigt v rec= 29513 Totak Eigt_y in = 32813 Eot v rec= 2957
Power & force; vector based model Power & force; vector based model
1810 18 L8107 18
150107 s 150 s
124107 12 124107 12
910 0.9 910 0.9
4 — 4 —_
—- [0 0.6 n = 610 0.6 n
2 310 *o; E E, 310 03 L}
5 P RO 5 P00 RO
[ — of —_ [ — of [
=] 2 =] =2
&~ T 03 2 = T 03 2
= =
e - 06 610 - 06
—ox10” - 09 ety - 09
— 120 412 — 1210 412
- 5| - = 5 -
— 15«10 13 B EST _ 13
0 0203 0407 061 0813 1016 122 1423 1626 1829 2033 0 0201 0403 0.604 0806 1007 1209 141 1612 1813 s
G0 40
Time [s] Time [s]
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drive

Evaluation sheet:

srordh

Evaluation sheet improvement current electric

Total dry cycle time: tdry = 1.656s
Acceleration time Energy infout Peak power
Acceleration m
0 dose 01 =36 thee] = 02785 E . =7.225k] P ool = 125.599 kW
S
Deceleration m
IO CIDSE adecl = 7.5_2 tdecl = 01075 Edecl = —5532-1{] Pdecl = —63297-1{\”
S
Acceleration m
to open Baee2 = 75 taeer = 0.093s  E, »=-17269-k] P,en = 82.614 kW
s
Deceleration m
tO Open ﬂ.decz = 3.9—2 tdCCZ = 02565 EdCCZ = 163281{] Pdecz = 7124_686kW
S
Energy per destination:
Energy in: Theoretical regeneratable energy:
Rotational: Erot v in = 10.025-KJ Erot v rec =—10.025kl
K|ne'n: Ekiﬂ_\"_il’l = 257851(.] Ekin_\"_l’ec = —25-7851(.]
Strain: Estrain_v_in =4.423-k) E:s.trairl_\-'_rcc =—4.423-kJ
Total: Etot v in =41:205:k] Ejof v rec = —37-763-KJ
Power & force; vector based model
1.8¢10° 18
1.5¢10° 15
1.2¢10° 12
9x10” 0.9
4 ~
— 6x10 0.6 &
g 3«10 0.3 £
. X - -
§ P tot_v{ 1) V(1) ;’
n?. 0| 0 §
- 3x10* ~03 -
— 6x10° ~06
— o910 ~0.9
—1.2¢10° 1-1.2
~ 1.5¢10°

0 0206 0411
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0.617 0.823 1.028 1.234 1.439 1.645 1.851 2.056

1, (i)
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