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Abstract—Optimization of total cost of ownership (TCO) is
an important, and challenging design target for present day
manufacturing machines. This paper is concerned specifically
with production machines with fast reciprocating loads (> 1 Hz),
e.g. weaving looms and plate punching machines. Subsequent
acceleration and deceleration give rise to a reciprocating energy
flow that can be handled either mechanically or electrically. The
chosen solution will affect the total cost of ownership. In addition
to the cost of the energy storage device itself, there are the energy
bill, the size and cost of the electric drive and power supply
to consider. Moreover, there are certain constraints to be met:
lifetime, DC-bus voltage limits and total power factor. This paper
presents a methodology that takes all these aspects into account.
It applies it to a bar linkage mechanism, which is representative
for the targeted applications. In the mechanical domain, springs
are considered for energy storage. The structural design of the
spring is included in the analysis in order to account for lifetime
and inertia added by the spring. In the electric domain, three
different topologies are compared: a purely passive front end,
where energy is stored directly on the DC-bus, a passive front
end combined with a DC/DC converter and a separate storage
capacitor, and an active front end.

I. INTRODUCTION

Optimization of the total cost of ownership (TCO) has
gained a lot of attention during the last decade in scientific and
industrial research [1], [2]. Many original equipment manu-
facturers (OEMs) realize that increasing the energy efficiency
of their drive trains offers the greatest leverage in reducing
the TCO [3]. For example, recovering the regenerative energy
in vehicles by means of electrification has become a pivotal
goal in automotive industry [4], [5], [6]. Also in crane and
elevator applications, there is a shifting focus towards energy
recuperation [7], [8].

This paper studies the effect of energy storage components
on the TCO of manufacturing machines. Manufacturing ma-
chines often exhibit significant energy flows converted back
and forth between the electrical and mechanical domain. What
sets them apart from electric vehicles, cranes and elevators, is
the rate at which energy is converted. A full motion cycle takes
less than 1 second, maybe only 100 ms, for a weaving or plate-
punching application. Compared to the ‘slow’ energy storage
of elevators and cranes, these kind of applications exhibit a
much higher power to energy ratio. Hence, different solutions
may be expected from a TCO optimization.

II. SCOPE AND APPROACH

The targeted applications are machines with periodic mo-
tions at high frequencies (> 1 Hz), that result in a high alter-
nating to average power ratio (> 2). The machines comprise
an electric drive that is supplied through a three-phase, 400 V
grid.

A. TCO Optimization

The purpose of this work is to minimize the TCO of
the machine’s drive train, while complying with all system
requirements. This comes down to solving the following
optimization problem:

o Objective function: the TCO over a specified period of

time, usually the amortization period of the machine.

o Design variables: the parameters of the different compo-
nents, like motors, drives, springs, capacitors, inductors,
converters, as well as the exact trajectory followed by the
machine.

o Constraints: trajectory requirements, lifetime, DC-bus
voltage limits and total power factor.

In order to deal with the rather large design space, the problem
is split up into different stages in each of which a certain set
of parameters is optimized. This may be done iteratively when
dependencies exist between different sets, as will be detailed
below.

To start with, the problem is split up into a mechanical and
an electrical optimization exercise. While this is sensible, and
certainly convenient, it remains an approximation in the sense
that the power factor constraint is not directly included in the
mechanical domain optimization.

B. A Note on Power Factor

Because it is difficult to assess the exact costs associated
with a low power factor, it is included as a constraint func-
tion in the TCO optimization rather than a cost. While the
displacement power factor is typically very good (> 0.95) for
the solutions discussed below, the fotal power factor can be
undesirably low, due to harmonic distortion and load modula-
tion. The contribution of the latter is especially important for
the applications targeted here.

It should be noted that additional charges for reactive power
by distribution companies, relate to displacement power factor
only. At least this is the present day situation in all countries
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Fig. 1: Optimized crank trajectory for start-stop operation. The
constraints are plotted in dashed line.

where the authors inquired with the distribution companies,
i.e. Belgium, Egypt and Malaysia.

III. TEST CASE: BAR LINKAGE MECHANISM

The bar linkage mechanism is representative for many
manufacturing machines: a constant speed at the input (crank)
translates into a reciprocating motion at the output (rocker
or slider). Alternative transmissions may be encountered that
serve the same purpose, for instance cam follower mecha-
nisms.

The dimensions of the reference mechanism are such that
a full crank rotation yields a rocker stroke of +/ — 12°.
Combined with a rocker inertia of 2 kgm?, this yields a peak
power of 10 kW at a constant crank speed of 10 revolutions
per second.

Apart from constant speed operation, the mechanism is also
required to operate in start-stop mode, as illustrated in figure 1.
The exact trajectory is not important for the correct functioning
of the machine, as long as the position vs. time constraints,
also indicated, are met.

The speed range of the machine is 5 to 10 Hz for continuous
operation or 2.5 to 5 Hz for start-stop operation. Furthermore,
the machine should be able to operate in slow motion.

A reducer is installed between motor and crank. The reduc-
tion ratio is 4 and is not included as a design variable here. The
motor itself - a high-dynamic, water cooled permanent magnet
synchronous machine - is a dependent design variable. A
scalable equivalent circuit and motor drive model are foreseen.

On the electrical side, a total power factor of at least 0.8
is required. The lifetime should be at least 50000 hours, both
for mechanical and electrical components.

IV. MECHANICAL DOMAIN OPTIMIZATION

A. Modeling and Optimization

As already mentioned section III, there exists an energy-
optimal trajectory for a given design and set of trajectory
constraints. Figure 1 illustrates how the optimal trajectory may
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Fig. 2: Crank peak torque versus operating frequency.

differ for sprung and unsprung designs. Minimal RMS torque
is pursued, which is approximately equivalent to minimal
losses.

The kinematic relations of a four bar linkage are used for
calculating torques [9]. A nonlinear least squares solver is
employed for optimizing the trajectory [10]. Everything is
implemented in MATLAB®, making use of the OPTI toolbox
for calling the solvers [11].

Figure 2 plots the peak torque delivered on the crank for
different operating frequencies. If the frequency drops, so does
the required peak torque. For the spring assisted case, the
required torque quickly becomes negligible, since the natural
motion of the inertia-spring system meets the constraints.
The actuator’s only task is to lock the mechanism in the
dead points, where the spring torque exercised on the crank
is zero. This is the case where the trajectory is optimal. If
the trajectory remains fixed, like is required for slow motion
operation, the actuator works against the spring. The slow
motion requirement sets a limit on the spring stiffness: too
stiff a spring leads to an expensive motor and drive.

The complete optimization approach is clarified in figure 3.
It consists of three nested loops. The top-level objective is a
minimal total cost of ownership of the machine over 20000
hours of operation (note that the expected lifetime is 50000
hours). NOMAD is used as optimizer here [12]. Trajectory
optimization is carried out using the NL2SOL solver [10]. The
required motor, and its corresponding inertia, is found through
iteration.

B. Structural Spring Design

As the required design lifetime of the components exceeds
107 loading cycles, they are subjected to so-called very high
cycle fatigue (VHCF). In this case fatigue behaviour is con-
trolled by subsurface crack nucleation and initiation due to
the presence of non-metallic inclusions and inhomogeneities
in high-strength steels and alloys [13]. A safe life design
based on infinite life is not possible anymore due to the
absence of a fatigue endurance limit. Several models have been
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Fig. 3: Nested optimization approach for finding an optimal
spring: the outer loop proposes a spring constant and evaluates
the TCO. For each proposed spring constant, a structural
design of the spring is made. A lower loop finds the minimal
motor (and drive) for a given trajectory. The lowest loop
optimizes the trajectory for each different motor proposed.

developed to predict the S-N curve and/or fatigue lifetime in
the VHCF regime [14]. In this work, the model of Murakami
[14] based on inclusion size and hardness of the metal has been
implemented as a reference, as well as more recent approaches
[15], [16] derived from the reference model and based on vast
experimental evidence for a range of contemporary steels and
alloys.

Given a required stiffness and deflection angle, a structural
design is made for the rotative spring. Two spring types
are investigated: the torsion bar and the spiral spring. Their
optimal designs are given in table I for both options. They were
found by means of an optimization routine around the well
known spring equations, as can be found in [17] for instance.
The required lifetime of 50000 hours translates into very low
allowable stress levels and consequently large spring designs.
For comparison, the designs for VHCF (50000 hours) and
for conventional high cycle fatigue (500 hours) are included.
Springs are assumed to be made of carbon steel valve spring
wire EN10270-2 VDC.

The torsion bar design has only two geometrical parameters:
diameter and length. The length/diameter ratio is directly
proportional to the required deflection angle. Since there are
practical limits on this ratio, the amount of deflection that can
be achieved with a torsion bar is inherently limited (+/ — 15°
for an aspect ratio of 100). The strengths of the torsion bar
are its low inertia and its symmetrical nature that allows for
bidirectional loading.

The spiral spring has three additional degrees of freedom
(number of turns, steel thickness and inner diameter) that
can be exploited to obtain larger deflection angles and more
practical dimensions. The downside is an increased moment
of inertia. Another important limitation of the spiral spring is
that it can be loaded in compression only. In the bar linkage
application, two preloaded spiral springs have to be installed in
anti-parallel, or some rectifying mechanism has to be foreseen.

C. Total Cost of Ownership

The cost models for motor, gearbox and drive (lifetime =
60000 hours) are based on supplier quotations for volumes >

TABLE I: Structural spring designs for different lifetime
requirements

torsion bar spiral spring

lifetime [h] 50000 500 50000 500
stiffness [kNm/rad] 7.2 7.2 5.9 5.9
deflection  [°] 12 12 12 12
length [mm] 3521 544 115 508
diameter [mm] 43 27 360 96
inertia [kgm?] 0.009  0.0002 0.78 0.0016
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Fig. 4: Total cost of ownership for bar linkage test case when
operated for 20000 hours in start-stop mode, at 5 Hz.

1000. The cost of the motor is proportional to its peak torque,
the cost of the drive proportional to its current rating. For the
spring (torsion bar), an estimate is made that includes only
material and tooling costs.

Since there is no useful mechanical power included in
the model, all energy consumption is due to losses in the
motor, drive and reducer. Motor losses are calculated from
the trajectory and the (scaled) motor parameters. Drive losses
are calculated from the motor currents and some generic drive
parameters. The reducer losses are approximated by a fixed
efficiency of 0.96.

The total cost of ownership for the optimized solutions of
the bar linkage test case is given in figure 4. It is clear that
significant cost savings may be realized with the use of a
spring.

V. ELECTRICAL DOMAIN OPTIMIZATION

Three electrical front end topologies are considered for
supplying power from the 3-phase grid to the DC-bus. The
objective function is again total cost of ownership. The con-
straints are the DC-bus voltage limits (500-750 V), the total
power factor (0.8) and the expected lifetime (50000 hours).
The DC-bus voltage rating is 800 V and is realized with 400
V components (two in series for each parallel branch). Only
capacitors are considered as lifetime critical components.

A. Passive Front End

This is the cheapest, most commonly encountered front end
topology. As depicted in figure Sa, it consists of a line reactor,
a six-pulse diode rectifier and a DC-bus capacitor. The two



Lline

L

Cdc | [0}

A

D

(a) Passive Front End
Csto
DC/DC

Lline —

L

Cdc lo)

A
I —°]

(b) Passive Front End + DC/DC converter
5 ) ()
L
C |

ACTIVE dc o]

: FRONT END T A
o— -

(c) Active Front End

Fig. 5: The three electrical topologies.

main design variables are the line reactor’s inductance Ly,
and the DC-bus capacitance Cy,.

A physical model is implemented in Simscape™. One of
the inputs to this model is the electrical load profile that is
obtained from the mechanical domain simulations discussed
above. An optimizer is called to find the L;;;,.-C,4. combination
that meets the constraints at minimal cost [12]. Figure 6
depicts the resulting DC-bus voltage and grid current in an
optimized PFE for the bar linkage mechanism without spring.

The DC-bus provides the energy storage for regenerative
braking and acceleration. It has to be sufficiently large for not
violating the DC-bus voltage constraints. A higher capacitance
also enhances the continuity of the power taken from the grid
and hence the total power factor. Finally, a higher capacitance
has more chance of meeting the lifetime constraints, since a
similar RMS current is distributed over more cells.

The line reactor contributes to a better power factor by
increasing the conduction angle of the diodes and reducing
the harmonic content. On the other hand, a line reactor comes
with a voltage drop, so too high an inductance will violate the
constraint on minimum DC-bus voltage.
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Fig. 6: DC-bus voltage and grid currents for the test case
without spring, with cost-optimal passive front end (Cy. =9.2
mF, L. =50 mH, PF = 0.8).

B. Passive Front End + DC/DC converter

The passive front end topology is extended with a DC/DC
converter that sources/sinks power from the DC-bus to a
separate storage capacitance, as depicted in figure 5b. This
is a popular topology in electric vehicles - although no PFE
is involved here - and ‘slow’ energy storage applications, like
cranes and elevators [4], [5], [8], [18], [19].

Large voltage variations can be allowed on the storage
capacitor to better utilize its energy storage potential. With a
DC/DC converter that supplies the full peak power, the DC-bus
voltage can be kept constant without the need for additional
DC-bus capacitance. The cost is hence shifted from passive
component cost (capacitor) to active component cost (DC/DC
converter).

Again, a Simscape™ model is built that has the electrical
load profile as input. The DC/DC converter matches the
alternating part of the load profile up to its peak current rating.
This topology has three design variables: the line inductance
Liine, the storage capacitance Cy, and the current rating of
the DC/DC converter. Again, NOMAD is called to find the
design that meets all constraints at minimal cost. Cy. is not
part of the optimization problem, although a minimal value is
assumed for filtering the six-pulse rectifier output.[12].

C. Active Front End

If an active front end is used instead of a passive front
end, as depicted in figure Sc the energy flow to the grid is
controllable and bidirectional. This added controllability can
be exploited in two different ways:

1) The DC-bus voltage is kept constant. In this case, the
connected grid is used for energy storage. Regenerative
braking and acceleration power is delivered through the
active front end. Much like the PFE + DC/DC topology,
this strategy is commonly encountered in ‘slow’ energy



storage applications [7], [20], [21]. The average power
drawn from the grid is low, while the apparent power is
high, resulting in an overall bad power factor.

2) The power from the grid is kept constant and equal to
the average required power. Braking and acceleration
power is delivered through the DC-bus capacitor. The
DC-bus voltage may fluctuate heavily, but the power
from the grid remains constant, as opposed to a passive
front end topology. Moreover, the grid currents drawn by
the active front end are sinusoids, and ideally a power
factor of 1 is obtained. The active front end in this case
is sized for average power only, and not for peak power.

It is found that option 2 is the natural choice for fast energy
storage applications. The available cost models (see V-E) show
that the cost of increasing the current rating of the active front
end exceeds that of installing additional DC-bus capacitance.
This is concluded not only for the test case as described in
III, but for a range of representative load profiles (frequency
> 1 Hz, alternating power / average power > 2).

In some applications, starting currents may be several fac-
tors higher than what is needed in normal operation. In that
case, a low-cost diode rectifier, without line reactor, might
be installed in parallel with the AFE to accommodate these
currents, as such avoiding an increased AFE cost.

D. Capacitor Lifetime

Only capacitor lifetime is considered critical and is explic-
itly modeled. Well established lifetime models are available
for aluminum electrolytic capacitors, which is the de facto
standard technology for DC-buses [22]. These lifetime models
take the simulated current profiles as input, as well as the
ambient temperature, which is set to 45 °C. Predicted lifetimes
were validated using the lifetime prediction tools of the
capacitor manufacturers themselves [23], [24].

E. Cost Comparison

The TCO of the three topologies for the bar linkage test case
is given in figure 7. The energy cost is not included, although
some minor differences exist due to additional losses in the
DC/DC converter and active front end. As already explained
in II-B, only the displacement power factor is relevant for the
electricity cost. Since it is well above 0.95 in all cases, it does
not raise any additional charges.

The DC/DC converter cost model is based on [25], the
capacitor cost model on [26]. The front end cost models,
including line reactors/filters, are based on supplier quotations
for volumes > 1000.

This kind of analysis was carried out not only for the test
case described in III, but for a range of representative load
profiles, all periodic with a fundamental frequency > 1 Hz.
The topology with DC/DC converter was consistently found
more expensive than the passive front end solution. This is
in line with the observation that the converter cost dominates
over storage cost for a high power to energy ratio (fast energy
storage).
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Fig. 7: Cost comparison of three electrical topologies for the
bar linkage test case, with and without spring assistance. The
front end cost includes line reactors (PFE) and filter sections
(AFE). Each topology has been optimized for cost, while
meeting voltage, power factor and lifetime constraints. The
AFE solution achieves a power factor of 1, the others the
required minimum of 0.8.

The active front end solution differs from the DC/DC
solution in this respect. It delivers the average power only,
while the oscillating power flow is handled by the DC-bus.
Where high total power factors (> 0.9) are required, an active
front end becomes more cost-effective than a passive solution.
As an additional benefit, an active front is less sensitive to grid
unbalance and voltage drops. Furthermore, the boosted DC-bus
voltage may extend the electric drive’s feasible speed-torque
range.

VI. CONCLUSIONS

An approach for optimizing the total cost of ownership of
manufacturing machines with energy storage components has
been presented and applied to a representative test case: a bar
linkage mechanism operated in start-stop mode. Both mechan-
ical (springs) and electrical (capacitors) storage components
are considered.

It is shown that a parallel spring on the rocker of the
four bar linkage leads to a substantial reduction in total cost




of ownership: both component and energy cost are reduced.
The lifetime requirement and added inertia of the spring are
included in the analysis through a structural spring design. The
torsion bar design seems most suited, although its dimensions
may be unpractical. To achieve gigacycle lifetime, the deflec-
tion angle of the torsion bar is inherently limited to +/ — 15°
for a length to diameter ratio of 100. The spiral spring design
does not exhibit this limitation, but has other drawbacks, like
a higher inertia and unidirectional operation.

It is found that a DC/DC converter with a separate storage
capacitor, as encountered in vehicle and crane applications,
is not cost-effective for fast energy storage. Given the high
frequencies involved, it is cheaper to store energy directly
on an upscaled DC-bus. This finding has been consistently
reproduced for a wide range of load profiles (> 1 Hz).

An active front end may be a cost-effective solution where
high power factors (> 0.9) are required. The proposed ap-
proach is to have the active front end provide the average
power only, and size it accordingly. The (> 2 times) higher,
alternating power is handled by the DC-bus. Advantages
inherent to the active front, a higher DC-bus voltage and
insensitivity to grid unbalance and voltage drops, are a bonus.
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