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Abstract: Automated guided vehicles (AGV) or mobile robots (MR) are being used more and more in
modern factories, logistics, etc. To extend the work-time of the robot, kinetic energy recovery systems
are implemented to store the braking or lifting energy. In most applications, the energy storage
system is a Li-ion battery, which is therefore subjected to increased stress and is also oversized. Super-
Capacitors can be used in combination to solve this issue. In this paper, different power distribution
systems are analysed and compared, using both single or hybrid storage systems (battery and super-
capacitor combined). The comparison is both qualitative, using general system characteristics, and
quantitative, using an efficiency /power density Pareto front analysis.

Keywords: automated guided vehicles; autonomous mobile robots; battery; DC-DC; light electric
vehicles; mobile robots; partial power; power distribution systems; super-capacitor; ultra-capacitor

1. Introduction

Nowadays, it is impossible to imagine everyday industrial life without mobile robots.
These have a variety of requirements for their energy supply network [1-3]. One of these
requirements is energy recovery during braking. This is already happening in many applica-
tions such as elevators, electric vehicles, robots in general, etc., as shown in [4]. This energy
needs to be stored in electrical energy storage devices so that it can be reused. Different
technologies can be used to store this energy. A review and a qualitative comparison were
conducted in the conference paper [5]. In this paper, the comparison is extended, and a
quantitative comparison with Pareto front analysis is conducted.

Batteries are key to modern electric transportation without a static connection to the
power grid. These batteries have a high energy density and are easy to implement without
adding complexity. Because of this, the battery is used as the preferred energy storage
device, and it has become a standard in a variety of mobile applications such as electric
vehicles, cell phones, and mobile robots. Consequently, the demand for Li-ion and other
materials for battery production is increasing and represents a significant environmental
burden. Accordingly, the question arises whether there are enough raw materials for
production in the future and whether current recycling processes are sufficient to recover
most of the components of the battery [6]. On the other hand, a disadvantage of the battery
is that it has a relatively low number of equivalent full charge cycles (103-10%) [7,8].

In contrast, the super-capacitor or ultra-capacitor has outstanding characteristics in
terms of peak power and a high number of full charge cycles (10°~10°) [7-10], but the energy
density is lower than for batteries. In [11], two different Li-ion cells, one for high power
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and one for high energy [7], were used to create a battery pack that meets the requirement
without oversizing. Using the same method, two completely different technologies such
as the battery and super-capacitor can be combined to meet the requirements shown in
Figure 1 while increasing the battery life. By reducing the number of equivalent charge
cycles [4,9,12], they contribute to an increased battery life expectancy [7,8,11]. Another
advantage of using hybrid energy storage systems (HESS) is that the energy density of the
overall system can be increased without sacrificing peak performance. This also leads to
interesting economic aspects in the use of hybrid technology. For example, the cost of a
standard Li-ion cells in 2020 cost 102 USD/kWh and 35 USD/kWh for the cell-pack [13].
The electricity required for cell production generates 80.1 kg/kWh of CO, [14]. These
lithium-ion systems with an energy density of about 77 Wh/kg can be changed to a hybrid
energy storage system with a Li-ion battery with higher energy density (156 Wh/kg), see
Table 1. Based on these assumptions, this synthesis can also significantly reduce CO,
emissions for cell production and the price of the battery, as the specific energy density of
the new battery is increased by about 100%. This leads to a reduction in the total number
of cells and thus also to a reduction in raw material requirements.

3.
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Figure 1. Qualitative comparison of two methods to meet the requirements: (a) With an oversized bat-
tery with either 1. power, 2. energy or 3. oversized super-capacitor; (b) A hybrid solution consisting
of the combination of the battery with a super-capacitor module to meet the requirements [11].

Table 1. Overview of three commercially available battery systems for AGV’s from the company
Varta [15].

Unnin, Unom. Unax. Imax. Enom. Enom, Paom. From, m v Cycle

Easy Blade 48 2V 518V 581V 31 A 1502 Wh 156 W2 1606 W 167 1 96kg  6.1dmd 1200
Easy Block 48 40V 512V 57.6 V 60 A 583 Wh 78 ‘{%‘ 3072W 410 1‘(ﬂg 75kg  85dm? 4000
Easy Pro 48 40V 512V 576V 120 A 3072 Wh 77%e  6l44W 154 40kg  41.3dm® 6000

To distribute the available power and energy to different loads such as electric drives
or auxiliary circuits, a static power converter is needed. This can be enabled either with a
3-Port converter or with a 4-Port converter, as shown in Figure 2.

In order to be able to make a situation-specific selection, the various options for the
design of the 3-Port converter as well as the 4-Port converter are described. In this paper,
the advantages and disadvantages of the respective topologies are first described and
finally compared with each other.
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Figure 2. Overview of the possible connections of the energy distributions converter: (a) A 3-Port

bidirectional converter for battery or super-capacitor (single energy storage system); (b) A 4-Port
bidirectional converter with combination of battery and super-capacitor-module (hybrid energy
storage system).

2. Energy Storage Systems

The energy storage systems (ESS) for mobile robots consists of the power supply that
delivers the energy to the motors. The power supply allows for bidirectional power flow
and energy recuperation during the braking process. The power distribution structure
can be 3-Port (Figure 2a) for single energy storage systems (SESS) (with battery or super-
capacitor) or 4-Port (Figure 2b) for the hybrid energy storage systems (HESS), where the
battery is used in combination with a super-capacitor.

For the analysis conducted in this paper, the robot Kuka KMP 600-S will be considered,
with his specifications shown in Table 2, for all the calculations.

Table 2. Specifications of the considered robot.

Weight Speed Deceleration Power Energy
Robot Load Total Max. Nom. Max. Nom. Max. max.
Value 280 kg 600 kg 880 kg 2.0 % 1.5 % 153 1255 3000 W 1500 W

2.1. Single Energy Storage System

A single energy storage system (SESS) consists of only one type of energy storage
device such as a battery or super-capacitor. For the battery storage, commercially available
batteries were selected, as shown in Table 1. All of the different battery designs are selected
to match the power/energy specification, marked as a green circle in Figure 3. To achieve
a power of 3000 W and an energy of 1500 Wh according to Table 2, 3 Easy Block 48s are
required to obtain the minimum amount of energy, but the power is 3 times oversized. To
match the same specification, only one Easy Pro 48 is needed, but both the energy and
power are oversized two times or higher. Lastly, two Easy Blade 48s are necessary to obtain
the minimum amount of power, but then the energy is double the requirement.

In Tables 3 and 4, the specifications for the super-capacitors” designs are shown. The
first design is calculated to store the same energy as the battery of 1514 Wh and, therefore,
is vastly oversized in weight (783 kg). The Kuka KMP-S AGYV, chosen as an example for
this publication, has a total unloaded vehicle mass weight of 280 kg. Therefore, this design
is massively oversized in weight, with around three times the weight of the AGV. The
second design has an energy of 189 Wh, which is 8 times less, and the robot will also
have 8 times less operating time with a weight of 136.8 kg; this weight is still too high,
as it represents close to half of the AGV’s weight. Finally, the third design has 24 times
less energy (63 Wh) and operating time, and the weight is reduced to only 53.3 kg. This
comparison is summarized in Table 5. The weight of the third super-capacitor design is
manageable, but it is still higher than the weight of the commercial batteries from Table 1.
Additionally, the operating time is now more than one order of magnitude lower. Typical
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AGV’s have operating times in the range of several hours, so this will mean that with these
super-capacitor designs, it is in the range of minutes, which is not acceptable for an AGV.
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Figure 3. Graphical representation according to Figure 1 of the different possibilities to achieve

the system goals with real values: (a) With an oversized battery or the super-capacitor module;

7

(b) A hybrid solution consisting of the combination of the battery with an optimally designed

super-capacitor module.

Table 3. Electrical specifications of super-capacitor modules based on SESS.

Super-Capacitor Cell Cells in Unom. Csc Upin. Umax. Imax. Time
Series  Parallel
LSUC 003R0C 3400F NH 16 95 30V 3400 F 42V 48V 266 kA 8h
BCAP3000 P270 K04/05 18 16 27V 3000 F 42V 48V 37 kA 1h
SCCY1ABS857SLBLE 18 18 27V 850 F 42V 48V 10 kA % h
Table 4. Electrical and physical specifications of super-capacitor modules based on SESS.
Super-Capacitor Cell Enom. En% P £ m 74 Time
LSUC 003ROC 3400F NH 1514 Wh 1.94 ‘{(V—gh 12.7 MW 16.2 % 782.8 kg 593 dm? 8h
BCAP3000 P270 K04/05 189 Wh 1.38 ‘%‘ 1.7 MW 12.9 % 136.8 kg 114 dm3 1h
SCCY1AB857SLBLE 63 Wh 132 42 0.5 MW 104 §% 479kg  358dm*®  lh

Table 5. Comparison of the weight of the different super-capacitor SESS, considering the weight and
volume of the robot (280 kg/262.5 dm?3).

LSUC 003ROC 3400F NH 782.8 kg 279.6% 593 dm? 225.5%
BCAP3000 P270 K04 /05 136.8 kg 48.9% 144 dm? 54.9%
SCCY1AB857SLBLE 479 kg 17.1% 35.84 dm° 13.6%
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2.2. Hybrid Energy Storage Systems

An HESS consists of the combination of a battery and an additional super-capacitor
module to filter the peak power pulses that occur. The super-capacitor handles the peak
power, while the battery handles the peak energy, this helps to optimize the designs of both.
Figure 3 and Table 6 show the effects of matching a high energy battery with an optimized
super-capacitor. This comparison shows that this HESS has +103% of specific energy, +8%
specific power, and weight/volume reduced by 48% compared to SESS. The same method
as in Figure 1 is used in Figure 3 to visualise the real values for power and energy from
Tables 1 and 3.

In order to integrate the batteries and super-capacitors, some interface converters
are necessary: the battery interface converters (BIC) and the super-capacitor interface
converters (SCIC).

Table 6. Comparison of the batteries for the different topologies.

Specific Energy Specific Power m
3-Port battery % Easy Pro 48 * 77 VIY—;‘ 154 % 20 kg
4-Port Battery Easy Blade 48 ** 156 % 167 % 9.6 kg
Difference in % ** +103% +8% —52%

* Assuming possibility half battery; ** The comparison is exemplary module only possible within the system limits.

3. Comparison of the Topologies

In this section, the different topologies for SESS and HESS will be presented and
compared. First, the topologies are briefly explained, and the advantages and disadvantages
are listed. After that, a qualitative comparison is performed and a quantitative comparison
of the efficiencies and densities is made using Pareto front analysis. The section ends with
a summary of the comparison.

To ensure a fair comparison, only basic non-isolated converters are considered for the
BIC and SCIC. These topologies are the Buck, Boost, and non-inverting Buck—Boost (NI
Buck-Boost), as depicted in Figure 4. Advanced topology solutions such as interleaved
multi-phased converters could significantly improve the results [9,16]. However, these
topologies are not within the scope of this publication and therefore will not be included in
the design calculations.

3.1. Energy Storage System Topologies

This section presents eight energy storage system topologies to power a mobile robot
or AGV. Topologies I, 11, III, and 1V are for redSESS, and Topologies V, VI, VII, and VIII
are for redHESS. The hybrid topologies V to VIII should still be able to function without
a super-capacitor module and interface. This excludes all topologies in which the super-
capacitor module is connected to the system directly or without an interface converter.
An overview of the subsystems contained in Topologies I-VIII is shown in the following
Table 7.

Table 7. Sub-systems of the different topologies.

I IIr m Iv VvV VI VI VI
Battery (Bat) 1 0 1 0 1 1 1 1
Battery Interface Converter (BIC) 0 0 1 0 0 1 1 1
Super-Capacitor Module (SC) 0 1 0 1 1 1 1 1
Super-Capacitor Interface Converter (SCIC) 0 0 0 1 1 1 1 1
Bus-Balancer 0 0 0 0 0 0 1 1
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a.) Buck b.) Boost c) NI Buck-Boost
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Figure 4. Considered DC-DC Converters: (a) Buck Converter; (b) Boost Converter; (c) Non-inverting
(NI) Buck-Boost Converter.

3.1.1. Topology I: Classic Energy Distribution

Today, the classic power supply is mainly found in low-cost applications and is
characterised by the direct connection of the loads to the battery shown in Figure 5. The
reasons for this are its simple implementation, simple control structures, and the reduction
in costs due to the omission of a BIC. The drive and each individual auxiliary converter
have to cope with the changing bus voltage [2], which is dependent on the battery voltage.
In this setup, the bus voltage can rise and fall very quickly [1], as the fluctuation in the load
or recovered energy returns directly to the battery. The reason for this is that the battery
has parasitic resistances and capacitances [17,18] and also parasitic inductance due to the
lead wires and terminals [18].

3-Port-Converter 12v
DC-DC

DC-DC

DC-DC

Auxiliary circuit

Upar+ DC-AC @

Drive

Figure 5. Topology I: Auxiliary circuits and drives are connected directly to the battery. The bus
voltage is equal to the battery voltage which depends on the state of charge.

The advantage of Topology I is that few components have to interact with each other.
Since this design does not have an interface converter to the battery, the development
of a control system is not necessary. In addition, the fewer components are involved in
a system, the lower the probability of faults. The costs for development are drastically
reduced. However, the direct connection to the energy storage system has its drawbacks
because all load fluctuations are reflected in the energy storage system. This also affects the
life expectancy of the Li-ion battery since all partial load cycles are absorbed by the battery
and contribute to its ageing. The advantage and disadvantages of Topology I are shown in
Table 8.
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Table 8. Advantage and disadvantages Topology 1.

Advantages Disadvantages

e very low complexity * battery life reduced

* very robust ® Upys = Upat.

* low cost effort ¢ fluctuation of the bus voltage
e simple energy management * battery is oversized

3.1.2. Topology II: Classic Energy Distribution with Super-Capacitor

This approach of the classic power supply is mainly found in low-cost applications
with less need for for high-density energy storage with many places for opportunity
charging and characterised by the direct connection of the loads to the super-capacitor
shown in Figure 6. The reasons for this are the simple implementation, simple control
structures, and the reduction in costs due to the omission of a super-capacitor interface
converter. The drive and each individual auxiliary converter have to cope with the changing
bus voltage [2], which is dependent on the super-capacitor voltage. In this setup, the bus
voltage can rise and fall very quickly depending on the energy demands of the system and
its low energy density.

In contrast to Topology I, the energy storage in Topology II consists of a super-capacitor
module that can be discharged and charged in less time than a battery. The main disad-
vantage is that these energy storage devices are not suitable for long-term energy storage.
Furthermore, all subsequent converters must be designed for a wider voltage range. How-
ever, it can be designed as opportunity charging system, which will require a high number
of charging stations. The advantage and disadvantages of Topology II are shown in Table 9.

3-Port-Converter 12V
DC-DC GPU
5.0V
DC-DC CPU
3.3V
DC-DC CPU
Auxiliary circuit —T—

)|

Usc| DC-AC @

af Drive

Figure 6. Topology II: Auxiliary circuits and drives are connected directly to the super-capacitor. The
bus voltage is equal to the super-capacitor voltage, which depends on the state of charge.

Table 9. Advantage and disadvantages of Topology II.

Advantages Disadvantages

e very low complexity * Super-capacitor is oversized
* robust ¢ Plant grid has to be adapted
¢ simple energy management ¢ adapted infrastructure

e variable bus voltage
¢ high costs
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3.1.3. Topology III: Standard Energy Distribution

Due to the wide availability of DC-DC converters, the topology with an interface
converter for the battery (Figure 7) has become established. This allows a stable bus
voltage independent of the battery charge and the resulting battery voltage. The auxiliary
converters can now refer to the stable bus. This has the advantage for the inverter that
it can always refer to the same voltage, thus providing a constant speed range for the
downstream motor. In addition, the DC-DC converter interface can be used to mitigate
fluctuations such as energy recovery within the system limits.

3-Port-Converter 12V
DC-DC

DC-DC

DC-DC

Auxiliary circuit

) BIC |
Ba_il; pc-oe | T 1]8“5 i @
| .

Drive

Figure 7. Topology III: Interface converter between the battery and auxiliary circuits.

Topology III with an interface converter has increased the number of components
compared to Topology I, but this also enables the establishment of a voltage bus that is
independent of the battery voltage. This voltage bus is very helpful for the subsequent
converters, such as the auxiliary circuits and the drive, as they no longer have to be designed
for a wide voltage range. Small fluctuations can be compensated by the interface converter,
but large fluctuations such as energy recovery still have a large influence on the bus voltage.
In addition, all recovered energy is fed back directly into the battery, causing it to age. The
advantage and disadvantages of Topology III are shown in Table 10.

Table 10. Advantage and disadvantages Topology III.

Advantages Disadvantages

¢ low complexity * battery life reduced

¢ robust ® Ugys = Upat.

¢ low cost effort ¢ fluctuation of the bus voltage
¢ simple energy management * battery is oversized

e simple control

e stable bus voltage

3.1.4. Topology IV: Standard Energy Distribution with Super-Capacitor

This approach of the Standard energy distribution substitute the battery with an
super-capacitor compare Figure 8 with Figure 7. This also allows a stable bus voltage
independent of the super-capacitor charge and the resulting super-capacitor voltage. The
auxiliary converters can also refer to the stable bus. This has the advantage for the inverter
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that it can always refer to the same voltage, thus providing a constant speed range for the
downstream motor. In addition, the DC-DC converter interface can be used to mitigate
fluctuations such as energy recovery.

3-Port-Converter 12V
DC-DC

DC-DC

DC-DC

Auxiliary circuit

e

Drive

SCIC
U
SC_I__ DC—D{
T L1

\|
7)
<~—c—

Figure 8. Topology IV: Interface converter between the super-capacitor and auxiliary circuits.

Topology IV with an interface converter is the extended version of topology II and
allows the establishment of a voltage bus independent of the super-capacitor. This voltage
bus is very helpful in all of the hybrid topologies, as it helps reduce the worst cases for
the designs of the auxiliary circuits. Compared to previous topology, higher fluctuations
such as energy recovery can be compensated by the ICSC and the energy fully stored in
super-capacitor. The advantage and disadvantages of Topology IV are shown in Table 11.

Table 11. Advantage and disadvantages Topology IV.

Advantages Disadvantages

¢ low complexity * Super-capacitor is oversized
* robust ¢ Plant grid has to be adapted
¢ simple energy management ¢ adapted infrastructure

e simple control ¢ high costs

e stable bus voltage

3.1.5. Topology V: Classic Power Distribution Solution with Super-Capacitor Module and
Interface Converter

The Topology from Figure 5 is extended to include a super-capacitor module and an
interface converter, as shown in Figure 9. This concept represents the first 4-Port converter
in this comparison. This concept has a battery-dependent bus voltage like the first concept.
In the event of recuperation, large parts of the energy peaks can be stored in the super-

capacitor module via the ICSC. This stored energy can then be fed back into the system
when needed.



Energies 2022, 15, 2012

10 of 23
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Figure 9. Topology V: Extension of the Classic solution with a super-capacitor module and an
interface converter.

Topology V is the first hybrid topology. Therefore, it has the benefits of combining
the battery and super-capacitor and can meet the requirements without oversizing either.
This leads to a reduction in the battery/super-capacitor size, as was previously depicted in
Figure 3. The battery aging is then reduced by the equivalent partial charge cycles of the
battery due to the energy recovery being assigned to the super-capacitor, which can handle
higher charge cycles. This leads to an increase in battery life-time. This Topology requires
an SCIC to handle the voltage fluctuations and ensure a smooth charging of the super-
capacitor. On the other hand, it does not require a BIC. The advantage and disadvantages
of Topology V are shown in Table 12.

Table 12. Advantage and disadvantages Topology V.

Advantages Disadvantages

* battery life is increased e Ugys = Upat.

* power fluctuations partly filtered * complex energy management
* energy storage optimised ¢ increased development costs

* possibility to modify existing systems

3.1.6. Topology VI: Standard Energy Distribution Solution with Super-Capacitor Module
and Interface Converter

The Topology IV from Figure 7 is extended by a super-capacitor module and an
interface converter shown in Figure 10. This concept represents the second 4-Port converter
in this comparison and is used in a variety of applications [3,4,9,10,12,18]. This concept has
a stable bus like Topology III. In case of recuperation, these energy peaks can be stored via
the interface converter of the super-capacitor module. This stored energy can then be fed
back into the system as needed.
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4-Port-Converter 12v
DC-DC GPU
SCIC

DC-DC CPU

DC-DC

USC |
33V
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Drive
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Bat.| +

DC-DC

/

]

Figure 10. Topology VI: Extension of the standard solution with a super-capacitor module and an

interface converter.

Topology VI is like the previous topology but with an additional BIC. This ensures
a constant and controlled voltage bus, which leads to improved design for all interface
converters (SCIC and BIC) Additionally, the BIC and SCIC peak power loads are reduced.
Unfortunately, a more complex control scheme is required to handle the interactions
between the battery and super-capacitors.To ensure smooth interaction of the two interface
converters, a complicated energy management algorithm must be established. The number
of possible error sources increases due to the complexity and the number of components.
The advantage and disadvantages of Topology VI are shown in Table 13.

Table 13. Advantage and disadvantages Topology VL.

Advantages Disadvantages

® battery life is increased * complex energy management
¢ power fluctuations filtered ¢ complex control

* energy storage optimised ¢ increased development costs

¢ possibility to modify existing systems
* stable bus voltage

* auxiliary circuits are reduced

¢ SCIC are reduced

3.1.7. Topology VII: Advanced Energy Distribution Converter with Bus-Balancer,
Super-Capacitor Module, Interface Converter, and Reduced Output Voltage

The extended power distribution Figure 10 with additional Bus-balancer converter
shown in Figure 11. With the help of the voltage Bus-balancer, three stable buses can be
established. One with the full Voltage Up,s and two with the half Bus Voltage Ugp,s/>. This
reduces the output voltage of both interface converters by half. In addition, the input
voltage of the auxiliary circuits is also be reduced by half.
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Figure 11. Topology VII: Combining the battery and the super-capacitor module.

In this topology each converter is connected to a split bus, achieving half the voltage
but also requiring double the current. This topology has a clearly worse performance than
others. First, the super-capacitor design has a maximum voltage of 24 [V], which is a value
half of the 48 [V] of the other topologies. In Figure 12, it can be seen how the super-capacitor
designs are strictly worse in both volume and energy lost during the braking cycle.

As it will be shown in the quantitative comparison, the SCIC volumes are one order
of magnitude smaller than the super-capacitor volume. Additionally, because the voltage
on the BIC and SCIC is half, the currents are required to be double to maintain the power
and energy in the braking cycle constant. This will lead to worse magnetic component
designs. Finally, it also requires a balancer circuit without the added benefits of a partial
power configuration, as for the case of topology VIIL. However, this topology is improved
in comparison to the single storage system topologies (I, II, III, and IV). The advantage and
disadvantages of Topology VII are shown in Table 14.

40T

Selected Super-Capacitor
{Z Module Design

30r

20 f

Energy Losses [J]

10'{1

Volume [dm3]

Figure 12. Estimated super-capacitor module’s energy losses to volume Pareto fronts for 24 V and
48 V. The selected design for 48 V is represented by the star.
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Table 14. Advantage and disadvantages Topology VII.

Advantages Disadvantages

® battery life is increased * complex energy management
¢ power fluctuations filtered ¢ complex control

® energy storage optimised ¢ increased development costs
¢ possibility to modify existing systems ¢ voltage balancer required

* stable bus voltage

¢ auxiliary circuits are reduced

3.1.8. Topology VIII: Partial Power Topology

Topology VIII has the highest circuit complexity. The main difference with Topology VI
is that it uses partial power configuration for both the BIC and SCIC. The partial power
configuration has been known in the literature for some time [19-24]. These types of
topologies can improve the efficiency and power density of designs. The type of partial
power topology used for this system is the input series output parallel, which will decrease
the voltage on the switching devices while maintaining the current constant, and the super-
capacitor module can see the full voltage and store the maximum energy. However, this
topology requires a balancer circuit on the bus side, as depicted in Figure 13. To ensure
proper operation, the super-capacitor module must be pre-charged to at least half the bus
voltage. This must be achieved with an additional circuit and a start-up sequence. The
input voltage of the interface converters (Upperface) can be calculated by Equation (1), and
the output voltage is half (Ug,s/2) of the required bus voltage (Upys). The advantage and
disadvantages of Topology VIII are shown in Table 15:

uIn,Interface = uStorage - uBus/ 2 (1)

As a result, the switching devices breakdown voltage is reduced by two, these devices
can have better Ry o, and switching loss performance, increasing the efficiency.

Table 15. Advantage and disadvantages Topology VIII.

Advantages Disadvantages

® battery life is increased * complex energy management
* power fluctuations filtered * very complex control

* energy storage optimised ¢ increased development costs
* possibility to modify existing systems ¢ voltage balancer required

* stable bus voltage

¢ aquxiliary circuits are reduced
¢ SCIC and BIC are reduced

e reduced converter size

3.2. Qualitative Comparison

In Table 16, an overview of the electrical specifications for all the considered topologies
is shown. Table 16¢,d show the specifications for the different interface converter topologies.
These topologies are bidirectional by design, as they both need to store and release energy
from the battery or the super-capacitor. Because of this, a buck converter can also be called
boost, depending on the direction of the power flow. To avoid confusion, all converters
will be named considering the input port to be the energy storage system (battery or
super-capacitor). When the input voltage is strictly lower than the output, the bidirectional
Boost converter will be used. In the opposite case of the input being always higher than
the output, the bidirectional Buck converter will be used, and finally, when the input
voltage can be both higher or lower than the output, the non-inverting (NI) Buck-Boost
converter will be used. Different topologies could be considered, but the most simple
ones were selected for ease of calculation. In Table 17, the qualitative advantages and
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a.) Topology V

4-Port-Converter

disadvantages are shown, as well as an explanation of the Table 16. In general, it can
be noted that the hybrid topologies have increased efficiency, power density, and better
battery /super-capacitor designs while increasing the complexity of the design.

b.) Topology VI c.) Topology VIII

4-Port-Converter 4-Port-Converter
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Figure 13. Considered Topologies with SCIC and BIC for the qualitative comparison: (a) Topology V
withNI (non-inverting) Buck-Boost as SCIC; (b) Topology VI with Boost as SCIC and NI Buck-Boost
as BIC; (c) Topology VIII with PP (partial power) Boost as SCIC and NI PP Buck-Boost as BIC.

Table 16. Electrical specifications for the batteries, super-capacitors, BIC, and SCIC for all the topologies.

(a) Battery Specifications

Topology ESS. Upin Umax Type
Bat. I S. Easy
x2
Bat. III S. Blade 48
Bat. V H.
400V 58.1V
Bat. VI H. Easy 1
Bat. VII H. Blade 48
Bat. VIII H.
(b) Super-Capacitor Module Specifications.
Topology ESS Unin Umnax
SC. 11 Single
SC. 1V Single
: <48V ** 48.0V
SC.V Hybrid
SC. VI Hybrid
SC.vII Hybrid <24V ** 240V
SC. VIII Hybrid <48V ** 480V
(c) Battery Interface Converter Specifications
Topology BIC Upn,min Uin,max Uoutput IBus,max Pay:Ppk
1 * U
Bat 625 A 12
11T NI Buck-Boost 480V
* 400V 58.1V
v Upat. 30.0 A
VI NI Buck-Boost 480V 19
VII Buck 60.0 A
240V
VIII NI PP Buck-Boost 16.0V 341V 30.0 A
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Table 16. Cont.
(d) Super-Capacitor Interface Converter Specifications.
Topology SCIC Uin,min Uin,max UOutput IBus,max Pay:Ppx
1 ) Usc Usc.
62.5 A 1:2
v 48.0V
\% Boost ot 480V Upat. 39.0 A 1:1.5
VI 480V 325 A
VII Boost 65.0 A 1:1
240V 240V S —
VIII PP Boost 325 A
S.: Single; H.: Hybrid; * no Converter distribution with cables; NI: non-inverting; PP: partial power; ** defined by
SC Module design.
Table 17. Qualitative comparison of the different ESS topologies.
I II I v v VI viI VIII
Efficiency - - medium medium medium high low very high
Power density - - low low medium medium medium very high
Circuit complexity ~ verylow  very low low low medium high very high very high
Control complexity - - low low medium high very high very high
Reliability * low good low good medium very good good good
Battery stress very high - high - medium low low low
Battery lifetime very low - low - high high high high
Battery oversized - oversized - optimized ** optimized ** optimized ** optimized **
Super-Capacitor - oversized - oversized low ** low ** high ** low **

* For the complete System related to the System of System (SoS) lifetime [25]; ** In the specification only possible
within the system limits.

3.3. Quantitative Comparison: Pareto Front Analysis

To identify the trade-off between the losses and the volume for the different converters
and the super-capacitor designs, Pareto front analysis is used [26]. In power converters,
the Pareto front calculation is typically performed with efficiency 1 and power density p.
However, in the case of the SCIC, the concept of power efficiency is difficult to predict since
the converter only has losses during the braking process and the number of braking cycles
is variable and random during the working time of a mobile robot. Therefore, it is more
convenient to use the energy efficiency and the energy density to be more accurate in the
analysis of the trade-offs for these topologies.

In this system, most of the volume is represented by the battery and super-capacitor
modules. In topologies I to IV, either the battery or super-capacitor are oversized, as
explained in previous sections. Because of this, only the hybrid topologies will be compared
quantitatively using the Pareto front analysis, as all these designs will have access to an
optimized battery and super-capacitor. This is due to the fact that the super-capacitor
and battery designs for single energy storage topologies are oversized in comparison, as
shown in Figure 3. The estimation of the losses and volumes will be performed using the
specifications from Table 16, and the configuration is shown in Figure 13.

In order to carry out the Pareto analysis trade-off analysis of the efficiency and density,
the power losses and volume of the different components needs to be estimated. In the case
of the power losses, the switching devices, the inductors and the capacitive filters will be
considered. The different topologies in Table 16¢,d will be considered, with two different
switching frequencies of 100 kHz and 200 kHz, two different maximum current ripples
of 40% and 200%, an ambient temperature of 25 °C, and a triangular power profile of a
regenerative charging cycle as depicted in Figure 14.
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Figure 14. Triangular power profile of a regenerative charging cycle. The stored energy is represented
by the the red area.

3.3.1. Switching Devices Loss Estimation

To estimate the efficiencies and include them in the Pareto front analysis, the losses of
the switching devices have to be calculated. The selected devices are all Silicon MOSFET
technology. Depending on the different voltages of each topology, as presented in Table 16,
the voltage breakdowns of these MOSFET are 80 V or in the range of 40 to 60 V. The different
devices used in the estimation are listed in Table 18.

Table 18. MOSFET used for the Pareto front estimation of the BIC and SCIC for topologies V, VI,
and VIII, as depicted in Figure 13.

Topologies V and VI Topology VIII
Sn Devices Qn Devices
MOSFET Udsmax MOSFET Ugsmax

BSZ084NOSNS5 80V IPD90N0454-02 40V
IPA052N0SNM5S 80V IRSMO005-800MH 40V
ISC0602NLS 80V IPB8ON0652-07 55V
IRF6646PbF 80V IPP100N06S2L-05 55V
BSB104NO08SNP3 80V IPP040NO06N3 60V

The total losses of the switching devices are calculated using the method described
in [27], both for the conduction and switching losses. For the BICs, constant currents and
voltages are considered, but for the case of the SCICs the charging profile is considered as a
triangular power pulse, for constant braking torque in the electrical machine. The equation
for the instantaneous power is as follows:

P(t) = Py (1 _ t) @)

tbc

where Py describes the maximum power and t,. the total braking cycle time. Because
the bus voltage is constant, the input current will also be triangular. However the super-
capacitor’s instantaneous voltage can be derived from the super-capacitor differential
equation with a triangular power source, assuming the converter losses are negligible. The
equation for the voltage is as follows:

P
usC(t) = \/C(;t(thC —t)+ Uz 3)
SCtbc

where Cs is the capacitance of the super-capacitor module, and U3 is the initial voltage at
the start of the charging cycle. The super-capacitor instantaneous current is:

fse(t) = ——" (- 4)

\/Lt(ztbc — ) + U2

Csctpe
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To calculate the conduction losses of the semiconductors, the profiled RMS current
for each device is required. It can be calculated with the discrete moving average method,
with the following equation:

1 &
IRMS total = N Y s (t) @)
k=1

where fs is the switching frequency; ty are all of the starting times for the switching cycles
(to, t1, t2, ...), such as ty = k/ fsw; and N is the number of total switching cycles during the
total braking cycle time, and it is calculated as N = tp.fsw. The RMS current in each of
these cycles igps(tx) is calculated for each device using the normal method considering
the average inductor current equal to Equation (4) evaluated at a time ¢, = k/ fsw and with
a voltage ripple that is also dependent on the voltage in Equation (3). Finally, the equation
for the conduction losses is as follows:

2
Peond = RRdsonIRMS,total (6)

where Rggson 18 the Drain-Source resistance of the selected MOSFET. To calculate the
switching losses, the peak and valley values of the inductor currents I; and I, will be
considered for each individual switching cycle, as depicted in Figure 15. The total switching
losses will be calculated with the following equation, for the high-side switches:

1 N
Payips = . Y [Eon(I2(t), Um) + Eopr (11 (f), Unm)] @)
C k=1
and for the low side switches:
1 N
Pyyirs = . k; [EON (Il(tk)/ UM) + EoFp (Iz(fk), UM)} ®)

where Eon (f(tx), Un) and Eopr (L(ty), Uy ) are the turn-on and turn-off losses in function
of the variable currents in time, respectively, and Uy is the MOSFET blocking voltage,
which can be different depending on the topologies. These energies are calculated with the
method described in [27], using the variable valley and peak currents I; and I, as depicted
in Figure 15. In the case of the NI Buck-Boost converter, the ripple would be different than
the one shown in the Figure.

3.3.2. Switching Devices Heat-Sink Volume Estimation

In power converters, the size of the switching devices is typically negligible compared
to the size of passive components (inductors and capacitors). However, the switching
devices usually require a heat-sink to dissipate their power losses, which can have a
volume comparable to the magnetic components. The thermal time constant of the devices
will be always lower than the braking time of 1.2 s; therefore, the design of the heat-sink will
consider the peak power losses of the devices. To estimate the volume of these heat-sinks,
we can use the “cooling system performance index” CSPI from [28], but applied to natural
convection cooling instead. Using CSPI = 3 [W/dm?K], the maximum allowed temperature
increases from the ambient of ATmax =75 °C and an ambient temperature of 25 °C, and the
following equation for the heat-sink volume is obtained:

PlossPK
Vig = —lossPK__ 9
HS = CSPI ATmax ©)

where Pjspx is the peak total losses of all switching devices connected to the heat-sink,
considering both conduction and switching losses.
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Figure 15. Boost and PP Boost super-capacitor inductor (Lgc) current and ripple envelope during
energy recovery braking process for two different initial voltage ripples, (a) 40% and (b) 200%, based
on a 48 V super-capacitor design.

3.3.3. Inductor Design and Loss and Volume Estimation

Inductors are a critical part in any Pareto front estimation for power converters, as
they typically have the biggest volume of all the components. In this section, the design
method of the inductors for the BIC and SCIC will be presented. The BIC inductors, Lg,t in
Figure 13, are inductors designed for a constant current. In the case of the SCIC inductors,
Lsc in Figure 13, they have a variable current profile like the one depicted in Figure 15. The
design tool PExprt™ from Ansys is used to estimate the power losses and volumes.

For the BIC inductors, the power specification is constant, and the PExprt™ tool can
be used with any modifications. However, in the case of the SCIC inductors, the triangular
power profile lasts 1.2 s. Typical inductors are massive, and their thermal time constants are
in the order of magnitude of minutes. Therefore, the thermal models considering thermal
capacitance have to be used to estimate the maximum temperature achieved and avoid
the oversize of the designs. For this estimation, the thermal models in [29] are used. The
PExprt™ tool does not include thermal capacitance models or variable profile currents.
Therefore, the equivalent RMS current has to be calculated, as explained in Equation (5),
and uses as a constant current for in the PExprt™ tool while reducing the maximum B
field to account for the higher ratio of RMS current to saturation current that the variable
profile current has in comparison to a regular inductor waveform with constant current
and ripple.

All of the designs are calculated using 2 different frequency specifications of 100 [kHz]
and 200 [kHz]|, 2 different maximum current ripples of 40% and 200%, and an ambient
temperature of 25 °C. Equation (5) is also used for the estimation of the RMS current. For
the windings, the wires AWG28 and AWG36 are used for the designs of 100 [kHz] and
200 [kHz], respectively. The core shapes considered for the estimations are EPCOS E, ETD,
and RM cores of different sizes, and the core material is Ferrite material N97. The volume
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of the inductor is calculated conservatively, multiplying the footprint by the total height of
the core.

3.3.4. Filter Capacitor Design Considerations and Loss and Volume Estimation

Different filter capacitors are required for the different topologies. These can be Bus
filter capacitors or super-capacitor/battery-filter capacitors to increase the life-time by
reducing the high-frequency ripple currents in those components. The design criteria will
be the same for all filters, with a maximum ripple of 2%.

The designs are always limited by the ripple criteria instead of the maximum RMS
current criteria. However, the RMS current is calculated to estimate the power losses. In
the case of the filters for SCIC, the moving average RMS of the triangular profile will be
used, instead of constant. In the case of topologies VII and VIII, the DC-Bus filters and
the balancer circuit capacitors are fused into a single component, which will increase the
total RMS current of the component, but will not be enough to oversize the capacitors. The
balancer circuit design will be explained in the following subsection.

3.3.5. Balancer Circuit Loss and Volume Estimation

Topologies VIl and VIII include a voltage balancer for the split DC bus, see Figures 11 and 13.
This voltage balancer includes a resonant tank that operates at a lower switching frequency
of 20 [kHz]. The design of the resonant tank is simplified, as it is not the main focus of the
publication. The inductor was fixed at L, = 0.5 [uH]; therefore, the capacitor is C; = 63 [uF].
Using an RM5 core, the inductor has a volume of 1.5 [em?®] and 0.7 [W] for the power losses.
Moreover, the resonant capacitor is designed using ceramic technology, which has a volume of
0.3 [cm®] and negligible losses. The balancing capacitors have a volume of 6.3 [cm?] and also
negligible losses, again using ceramic capacitor technology:.

3.3.6. Analysis of Pareto Results

Figure 16a depicts the energy efficiency and energy density Pareto fronts for the SCIC
of topologies V, VI, and VIII. Topology V has the lowest Efficiency/Density trade-off with
6 kJ/dm3. This result is expected due to the lack of BIC, and the Bus voltage is directly
connected to the battery, with a variable voltage which deteriorate the worst case scenarios
for loss estimation. In addition, the converter is required to boost and reduce the voltage,
so the NI Buck-Boost topology is needed, which has more devices and worse performance.
On the other hand, topologies VI and VIII have a controlled bus voltage and therefore
higher efficiencies and densities in comparison to Topology V. Finally, Topology VIII has the
best trade-off because of the use of the partial power structure, where voltages are reduced
while currents remain constant for the same power and energy. A maximum energy density
of 35.94 k] /dm? can be achieved with this topology, with an estimated energy efficiency
of 98.83%. Figure 17 shows the breakdown of energy losses and volumes for the maximum
energy density designs, A, B, and C in Figure 16. It can be noted that for topologies V
and VI, the MOSFET losses are dominant and for topology VIII, and they represent 40%
of the total losses. Because of this, all the Pareto front results have a switching frequency
of 100 [kHz]. The Pareto front analysis of the BIC is depicted in Figure 16b. Topology V
is not included as it does not have a BIC. These Pareto fronts are calculated with the peak
power as reference instead of the total braking energy. Therefore, the efficiencies cannot
be directly compared with the ones in Figure 16a. For these Pareto fronts, the partial
power topology VIII has improved efficiency and maximum density in comparison to the
topology VI. The maximum power density estimated is 15 kW /dm?® with an efficiency
of 97.53%.



Energies 2022, 15, 2012

20 of 23

a. .
(a.) SCIC (b.) BIC

100 VI VIII 100

Y sz, C
""" Litey VIII
— 99 i &) Y .
= 1 G s FE
1 AN S = e

Y ! gl B 2 "’:?“o‘ s
= 98 e 2 98 ? o P
.2 | . (N4 =] ‘.’/:‘02.'," -,
2 3 = 0,02 ;"‘ -
B ogyf oo WA D g7 AL R N
2 e 5 °L0t e
g g z ..
i s <

96T wmq 96

95 95

0 10 20 30 40 0 5 10 15
Energy Density [k.l/dm3] Power Density [kW/dm3]

Figure 16. Estimated efficiency/density Pareto front: (a) For SCIC, considering total brake energy
recuperated V, VI, and VIII; (b) For BIC, considering full battery power for topologies VI and VIIL

Finally, in Table 19 a comparison of the total volumes for the battery, the super-
capacitor, and the HESS topologies V, VI, and VII is depicted. It can be noted that the total
volumes for BIC are higher than for the SCIC and that they are both one to two orders of
magnitude lower than the volumes of the super-capacitors and batteries, respectively, mak-
ing the additional converters worthwhile to consider as they do not increase significantly
the overall volume of the system. Additionally, it can be seen that Topology V has bigger
minimum volume for the SCIC than the combination of the lowest volumes of BIC and
SCIC for Topologies VI and VIII.

Table 19. Comparison of estimated volumes of batteries, super-capacitors, BIC, and SCIC.

Volume [dm?3]

Topo Bat BIC SC SCIC
v 6.1 - 0.15-2.00 0.160-0.260
VI 6.1 0.102-0.306 0.15-2.00 0.030-0.260
VIII 6.1 0.095-0.306 0.15-2.00 0.026-0.260

3.4. Summary of the Comparison

As conclusion for the comparison, it can be stated that the SESS have very oversized
designs for the battery or super-capacitor module, as it can be seen in Figure 1 and Table 1.
Batteries can be oversized in peak power or peak energy specifications, and super-capacitors
will always be oversized in peak power. In Figure 18, a summarised comparison of the
volume and weight of the storage system for ESS and HESS is depicted. The ESS design
has two identical batteries (Easy Blade 48) to achieve the required peak power specification
(3000 [W]). In the HESS design, the second battery can be substituted by a super-capacitor
module. Both requirements of peak energy and peak power are met without any over-sizing.
It can be noticed in Figure 18 that the total reduction in weight and volume achieved is
48%. In addition to these quantitative improvements, the lifetime of the battery is increased
by reducing the total amount of charge cycles that are now handled by the super-capacitor.
Super-capacitor technology is more adequate for a high number of charge cycles. Therefore,
the overall lifetime of the system is improved.

The combination of battery and super-capacitor module has the drawback of requiring
more additional electronic circuitry. Two types of converters are needed, the BIC to interface
with the battery and the SCIC to interface with the super-capacitor module. Different topologies
for BIC and SCIC are possible. As a result of a Pareto front analysis, it can be stated that the
volumes of these converters are negligible in comparison to the batteries and super-capacitor
volumes, see Figures 17 and 18, as they are orders of magnitude smaller. As a result of this,
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it is worth to just compare the volume of the different SCIC and BIC without including the
battery and super-capacitor modules. As depicted in Figures 16 and 17, Topologies V, which
only uses SCIC, achieves a very poor energy density of 6 k] /dm3. This is due to the fact that the
converter is an NI Buck-Boost with more switching devices and worst specifications because
of the unregulated Bus voltage. On the other hand, the SCIC of topologies VI and VIII reach
energy densities of 35.94 kJ/dm3 and 35.94 k] /dm3, respectively. Topology VIII also has a
higher power density for the BIC than topology VI, as depicted in Figure 16. The improved
performance of topology VIII is a consequence of the use of the partial power configuration,
which improves the quality of the switching devices by reducing the voltage rating of those,
as well as reduces the size of magnetic components by improving their ripple. However, all of
these improvements have the trade-off of increased circuit and control complexity.

Topology V Topology VI Topology VIII
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Figure 17. Estimated energy losses and Volume breakdown for the SCIC of topologies V, VI, VIIL

Comparison between SESS and HESS
Weight: Volume:

Single Energy Storage System (SESS):

1. Battery 2. Battery
Easy Blade 48 Easy Blade 48
Weight: 9.6kg Weight: 9.6kg 50% 50%
Volume: 6.1dm* Volume: 6.1dm* 9.6kg 6.1dm’,
50% 50%
9.6kg 6.1dm’
Hybrid Energy Storage System (HESS): Super-Capacitor 2% Super-Capacitor 2%
3
Battery Super-Capacitor-Module Module 0.27kg Module 0-20dm
Easy Blade 48 BCAPO0005 P300 X11
Weight: 9.6kg Cells in series: 16
Volume: 6.1dm? Cells in parallel: 8 Volume
Total Weight: 0.27kg 48% Weight reduction
Total Volume: 0.20dm’ 9.22kg| reduction 50%
/L 6.1dm’
Cells in parallel
gL L .. L
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Figure 18. Estimated volume and weight breakdown for topologies VI and VIII and reduction in
weight and volume compared to the SESS Battery.

4. Conclusions

In this paper, a quantitative and qualitative comparison of 3-Port topologies for single
energy storage systems (SESS) and 4-Port topologies for hybrid energy storage systems
(HESS) for automated guided vehicle (AGV) power supply was described. The SESS have
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very oversized designs. Using a hybrid system, a combination of a super-capacitor and
a battery, the designs of both the battery and super-capacitor are optimised, saving up to
48% in volume and weight. The trade-off is the increase in complexity and the additional
volume and losses of the interface converters. However, the comparison shows that the
volume and losses of these additional converters are negligible in comparison to the battery
and super-capacitor volumes. To do this, quantitative comparison using efficiency/density
Pareto front analysis was used. The conclusion of this analysis shows that topology VIII,
which uses partial power configuration, has the best trade-off between efficiency and
density, with a maximum estimated energy efficiency of 98.83% and 35.94 k] /dm? energy
density for the SCIC and a maximum power density of 15 kW/dm? for the BIC, while
maintaining 97.54% power efficiency.
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