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Abstract. Nowadays, the lift industry is moving towards fimgl new solutions for energy
management. Examples of this are energy recovestesyg based on local storage in
ultracapacitors, battery-powered lifts for peak powonsumption mitigation and improved UPS
operation, solar and/or wind powered lifts, amonigecs. Most of these new concepts include
energy storage systems, so they require battem#sraultracapacitors, depending on the energy to
be stored and the power cycling profile. As a nmatfefact, both batteries and ultracapacitors are
low voltage technologies, whereas lift traction teyss are based on well-known three-phase
industrial AC drives, operating at high voltagedisvof around 600V at their DC bus. One of the
possible solutions consists of the serializationaofarge amount of basic cells until industrial
voltage levels are reached. This solution, thougbaeently simple, is not practical because it is
expensive and safety and reliability problems andtiplied. Thus, a practical energy storage
system for lift applications should operate at abd8V, which is a safe, commercially standard
and cost-effective voltage level.

Some modifications are required if a 48V energys@unust be integrated in a lift traction system.
There are two possible options. First, (bidirecipC-DC converters can be used interconnecting
low-voltage 48V to conventional lift traction syste at 600V. Second, the entire traction system
can be redesigned so as to operate at 48 V. Thik slwows the technical challenges of the
integration of low-voltage energy storage systemslift traction systems. Issues related to
efficiency, cost, availability of required partsrfproduction, flexibility of use and others are
analysed. This way it is possible to identify they lchallenges and the best suited solutions in each
case.

1 INTRODUCTION

In recent times customers have been demanding giodiat turn around local energy storage
ability and lift manufacturers are providing sotuts [1-7]. Standard energy storage devices are
primarily based on chemical batteries, and theeelifis with electrical traction systems are thetbe
suited ones for this type of adaptations. Ultracéape technology is relatively new but its
advantages in terms of number of cycles and powssity make them ideal for applications that
require a high number of high power charging arsgdltrging cycles [6],[8]. Next some application
examples with batteries and ultracapacitors arevsho

a) Extended UPS (Uninterruptible Power Supply) operatsome customers require to keep
the operation of the lift even under long-term Iblack-outs. Among other solutions, an easy way
out is to connect a battery module to the DC buthefinverter, see Figure 1.a. Typical operating
voltages are around 600V so a big amount of batemust be serialized, which leads to an
oversized energy storage capability. Moreover, ispeafety and battery management circuitry
must be included, which makes this solution prattiout expensive. In the same way, due to the
fast ageing of batteries, operation costs are merged. Another solution is just to interconnect a
set of low voltage batteries with the high voltdg@€ bus through a DC/DC converter, see Figure
1.b.
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Figure 1 Different configurations for UPS function: a) with high voltage battery module, b)
low voltage battery module plus DC/DC converter

b) Energy buffering and/or peak power mitigation fiftsl electrical consumption by lifts is
characterized by cycles of high power peaks duaoceleration or deceleration and (typically)
half the peak power during steady travel. The pgeEmier determines the installation and operation
costs of the connection to the grid. The peak valudd be one order of magnitude higher than
the average power. This fact is particularly reteévéor residential lifts where, due to the low
number of travels, the total amount of requiredrgnés very low. Installation and operation costs
could be reduced if the lift is fed from a set aftbries that are permanently charged from the grid
at a very low peak power rate, see Figure 2.a. dikaefits of this system are extended UPS
functionalities and lower line-perturbations. Th&system can be complemented by an
ultracapacitor-based storage system, thus miniigpibigh power demands from the battery and
therefore increasing its life expectancy.
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Figure 2. a) Energy buffering and/or peak power miigation system, b) Solar and/or wind
powered lift with back-up grid connection

C) Solar and/or wind-powered lift: new trends relateenergy efficiency and harvesting have
pushed several manufacturers to offer systems areatpowered by solar and/or wind energy
sources. Typically batteries are used in orderttwesthe generated energy and provide the
demanded power to the lift. Both solar and wind e sources are interfaced through power
electronic devices so standard low-voltage batteogules at 48V can be used, see Figure 2.b. If a
standard lift inverter must be used, a DC to DC @ogonverter is required in order to connect the
low-voltage battery storage system to the highagst (600V) DC bus at the inverter. If solar
and/or wind energy resources are not enough to #eeplevator working, a back-up low-power
grid connection can be added.
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d) Energy recovery systems (ERS): lifts with gearlegastion systems, high traffic and good
levels of mechanical efficiency (around 80%) regatee a considerable amount of energy that
nowadays is lost at the braking resistor or tramsteback to the grid. Thanks to ultracapacitor-
based energy storage system (see Figure 3) isslge to store this energy during braking phases
and reuse it during demanding traction phases. taahdilly, using the same hardware and without
supplementary cost, it is possible to cover thék peaver mitigation functionality.
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Figure 3 Energy recovery system with peak power migation functionality based on
ultracapacitors

Previously listed applications require differeneggy and power ratings but their storage voltage
levels and some components are common.

2 ENERGY STORAGE REQUIREMENTS

Basically there are two energy storage scenariost. \lve have the long-term large-energy exchange
case. This is the situation when extended UPS ifumadity or solar & wind energy is required and
the lift must perform as much as 100 or more tupsg its own stored energy. In this case the
energy storage sizing is determined by the requéeergy and therefore the power exchange
capability is much larger than the required onee $kcond case corresponds to short-term low-
energy exchange. Energy buffering, peak power atibg and energy recovery systems (ERS)
require the exchange of short-term high power peakss, the total amount of energy is low and
the required peak-power determines the size oketlexgy storage device. Anyway, some energy
buffering applications under high traffic operatimyuire the storage of a large amount of energy
and therefore fall within the first scenario.

Figure 4.a shows the energy storage requirementhéoabove-mentioned cases and different car
loads. A small lift (6 persons) 5 floor lift needsound 30Wh for ERS functionality. If a 100 travel
autonomy is required on UPS operation mode, a smsilliential lift will need to store a little less
than 2kWh. Figure 4.b shows the peak power exchdngedifferent loads. Both absorbed
(discharging) and regenerated (charging) powers slm@wvn. These powers depend on the
acceleration and speed profiles as well as onvkead lift efficiency, herein considered to be 80%
In the discharging case, the maximum absorbed pasvezlated to low mechanical efficiencies,
whereas when regenerating, the best mechaniceiegfties lead to the maximum charging power.

3 ELECTRICAL ENERGY STORAGE TECHNOLOGIES

Among the possible electrical energy accumulatiygiesns there are only two technologies that
offer mature and commercial products: batteries altchcapacitors. Both of them have been

manufactured in large scale quantities for somesyead therefore their performance, cost and
reliability are optimized and they are somewhahd#adized. Batteries are electrochemical devices
that operate through chemical reactions, thusdbbees difficult to get an accurate knowledge of
their internal state of operation. A battery is @mplex device whose behaviour is mainly

characterized by empirical models, its chargingcess is different from the discharging one and it
is difficult to identify its state of charge (SO@hd state of health (SOH). Moreover, its ageing
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process depends on the depth of charging-discliargyeles, current, temperature, and other
parameters.
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Figure 4. a) Energy storage requirements and b) poev requirements for different loads and
functionalities

Nowadays there are two main battery technologie¢seérmarket: Lead Acid Batteries and Lithium-
lon batteries. Figure 5 shows the main power-enehgyacteristics of both technologies and Table
1 summarizes the main features. The data in Taldeafpiproximate and has been included only for
comparative purposes. It is straightforward to tdgnLi-ion as the best choice in terms of
functional features: it offers the best specifiemyy and power figures and the longest life span.
However, on the other hand it requires the inclusibbattery management systems (BMS) and its
cost is 10 to 20 times higher than the cost of L&eid technology.
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Figure 5. Power-energy properties of batteries andltracapacitors

Considering the cost, ease of use and the habieddrom many years of successful installations,
Lead Acid technology is the preferred choice fon4portable energy storage devices.

Contrary to batteries, ultracapacitor technologypased on pure capacitive phenomena. Thus, an
ultracapacitor-based storage unit admits high ¢hgrgnd discharging powers, its state of charge is
straightforwardly determined by the well-known egmpa (1) and it withstands up to 1.000.000
charging-discharging cycles, see Figure 5 and Tdbl&'he main drawbacks are its low energy
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density and its very low nominal voltage, around\V2.which leads to the serialization of a big
amount of cells and the inclusion of a voltage nganaent system (VMS).

w=%cv2 (1)

Table 1 Comparative of battery and ultracapacitor echnologies

Feature Lead Acid LiOn Ultracapacitor
Number of cycles 300-2000 >5000 >1000000
Specific power (W/kg) 180 300-2000 5000
Specific energy (Wh/kg) 30-60 3040 5
BMS/VMS no yes (BMS) yes (VMS)
Cost (€/kWh) 170 1200 17000

It can be concluded that for UPS functionality g Bmount of energy is required and therefore
Lead Acid batteries must be installed, whereas RSEor power mitigation applications

ultracapacitors will be the favoured choice. Hybt&thnologies are possible with additional
electronics needed to make them truly compatible.

4 MATCHING OF REQUIREMENTS

An appropriate battery or ultracapacitor moduledaiven application must be selected. The fact is
that considering safety issues and available comgi¢ary technologies (battery chargers, inverters
and so on), 48V has become the highest standarthabwoltage for commercial battery modules

and one of the most widely used voltage levelsuttlacapacitors. Figure 6 summarizes both the

energy and power requirements of Figures 4 andve. Storage design examples are also shown in
the same figure.
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First, a battery module has been selected for al diftaUPS functionality. It comprises 4
commercial cells of 12V/40Ah, leading to an overlkergy of 1920Wh, with a discharging power
of 11kW and a charging power of 400W. The volumeril/ 22 litres so it can be easily fit in any
lift installation. Both the charging and dischaigipowers are shown by triangles at Figure 6. This
battery module will be denoted as the basic batteogule (BBM). It is obvious that energy
requirement leads to a set of batteries that aarlgl oversized in terms of power. In this type of
functionality fast charging is not a requisite ke tharging power can be significantly lower than
the discharging one. Anyway, it has to be pointetitbat in order to avoid fast battery ageingsit i
recommended to operate far below the nominal powfebatteries and assuring low energy
discharge cycles. Therefore, the rated dischargower of the battery at Figure 6 cannot be fully
exploited and the actual power capability will beser to the required one.

Next, an ultracapacitor module has been designe&8RS functionality intended for small lifts. It
usable energy is 35Wh and offers an equal chargindischarging power of 4.5kW. It takes a
volume of no more than 10 litres. This ultracapacinodule will be denoted as the basic
ultracapacitor module (BUM) and it is indicated aysquare at Figure 6. As can be observed,
energy and power requirements are relatively dogkat offered by the selected module.

Looking at Figure 6, it is straightforward to deteme that using 1 to 3 parallelized BBMs it is
possible to cover all the considered UPS requirésnand, in the same way, using 1 to 3 BUMs in
parallel meets ERS requirements. Therefore, ittsaooncluded that 48V battery modules and 48V
ultracapacitor modules could play the role of bdmidding blocks covering the considered energy
storage needs for lift applications.

5 INTEGRATION OF A 48V SOURCE IN LIFT TRACTION SYSTEM S

The “standard motor drive” block depicted in Figufeto 3 represents the common topology used
in lift drives. When a given electrical power hashie exchanged a current-voltage pair must be
selected, see equation (2)

P=VI )

Considering that the current is responsible forrtkeen part of power losses, a high voltage-low
current set of parameters is preferred. Thus,ritdastry has been adopting standard voltage levels
that are related to the power to be exchanged. Veating with powers from some kW up to
several tens of kW, three-phase 4QQYis the electric distribution standard. Electrikfiltraction
systems are modified versions of well-known indastdrivers, which are fed from a 40QWs
three-phase grid and, therefore, after being fedtifa 500-600V DC bus is obtained. This standard
drive technology has been used during more thaged®s in industry, so it is extremely robust,
reliable and, due to the large manufacturing scalst effective.

The problem arises when a 48V or even a lower gelenergy source is feeding part or the entire
energy requirements of a lift. There are two pdessicenarios. The first attempt consists of trying
to keep the already developed and well-known lif¢es by interfacing the 48V energy source and
the 600V bus by a DC/DC power converter. The se@putoach is simply to redesign the entire
traction system and build a 48Vdc compatible drivext, these two scenarios will be explained.

5.1 Integration of 48V source in a standard lift traction system

This is the case of Figures 1.b, 2.a, 2.b and &reva DC/DC converter is in charge of the energy
exchange from the low-voltage storage system to higé-voltage DC bus. First of all it is
important to point out that neither the low voltalgeel not the high voltage side operate at a
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constant voltage. In the low-voltage side, batteie ultracapacitors can be installed. If a 48V
battery module is considered, its voltage can evdlem 42V to 53V, depending on the SOC. If
ultracapacitors are considered, the situation enewiore variable: its voltage can evolve from 24V
to 48V, depending also on the state of charge.

Looking at the high voltage side, the situatiomnd better. If the drive is motoring, energy is

removed from the DC bus and, thereafter, its veltdgcreases. In the same way, if the drive is
regenerating, energy is delivered to the DC busitsnbltage increases. The lower voltage limit is
determined by the dynamics of the DC/DC converiter. he time it requires until a satisfactory

voltage regulation is achieved), whereas the higloétiage limit depends on the same regulation
dynamics (if a bidirectional DC/DC converter is dsbut also on the voltage value at which the
braking resistor switches on. Most of the commdisciavailable drive manufacturers establish a
non-error voltage range from low 400V to 700V 0080

A cost effective solution is made possible by géamanufacturing scale, so it is desirable to get a
DC/DC converter that can operate with a broad ramgamost all the existing commercial drives.
For doing so, it must include a plug & play funcigity, that is: just plug in the power wires,
switch on the device, and the system must openatieput producing any disturbance in its regular
operation and without any need for modificationgha existing equipment. Thus, if a low-voltage
energy source must be integrated on a standarttddtion system, a DC/DC converter with the
next features is required:

* Rated power: 4kW to 15kW (depending on the lift)

* Input voltage: 42V to 53V or 24V to 48V

* Output voltage: 400V to 800V

* High dynamic response

» Bidirectional energy transfer ability (if ERS furanality)
*  Plug & play capability

» High efficiency (>90%) along all voltage-range

By now there is only one commercially available DC/converter compatible with these features
[7]. It has to be pointed out that a DC/DC powenwsrter limits the power exchange ability, but
not the usable energy amount, which depends ontii@mstalled batteries or ultracapacitors.

5.2 Redesign of the entire traction system at 48V

In applications where the three-phase 4Q@\Vline is not connected (Figures 2.a and 2.b) tigere
no need to keep high voltage DC bus levels, se jtassible to build the entire traction system
considering a 48V DC bus, see Figure 7. This DCJmltgage limits to 34¥us the available line-
voltage at the inverter output and the currentudtiplied by a factor of 10 or more. So a new motor
and inverter must be carefully designed and iredall
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Figure 7. A 48V DC bus traction system with a 34¥ys motor

The new voltage level leads to high currents amdefiore, in order to avoid high power losses and
bulky wires, the storage device, driver and motarstrbe located close from each other, which
sometimes becomes difficult to achieve. The maemback of this approach is that the seller
and/installer must offer and master two differeattion systems for the same range of lifts.

It is possible to conclude that the inclusion dD@/DC power converter makes it possible to get
any of the required functionality by exploiting Wkhown standard drives, simplifies the portfolio
of the sellers/installers and provides a big amairtexibility. In the other hand, the all-in 48V

drive covers only part of the functionalities, daest work with ultracapacitors and, somehow,
complicates the portfolio. Next, a deeper analgéthe required DC/DC power converter is shown.

6 BIDIRECTIONAL DC/DC CONVERTER
The required DC/DC converter must solve severabdeshallenges:

» Large input to output voltage relation: the inpoHetutput voltage ratio is larger than 10 and
could be, in some cases, above 20. This ratio makid@&icult to achieve high efficiencies.

* Variable input and output voltage: when the inpot autput voltages are kept constant it
becomes quite simple to design an optimized hi¢hieficy converter. But it is difficult to get
high efficiency values along all the operating dtinds if input and/or output voltages evolve
significantly. Moreover, the required power exchang not constant so the highly variable
design conditions make it difficult to achieve thesign goals.

» High control dynamics: in cases where the liftad £xclusively through the DC/DC converter
(topologies of Figures 1.b, 2.a and 2.b), the saomeverter is the sole responsible agent of
keeping the DC-bus voltage level within acceptafalieies. This DC-bus is randomly perturbed
by input-output powers that are permanently exchdngith the motor inverter and, therefore,
it is crucial to achieve very fast control dynascapable of rejecting these perturbations.

* Plug & play functionality: the control must achietiee above mentioned dynamics without any
complicated link with existing drivers. Only powetires must be connected and the device
must operate in an autonomous way.

Figure 8.a depicts the basic buck-boost topologst tls commonly proposed when DC/DC
conversion is required. Although simple and easgadwtrol, this transformer-less topology is not
well suited when high input-to-output voltage rat@re required and leads to very poor efficiency
values (below 50% in some cases). Due to the Mmgltito-output voltage ratio, it is almost
mandatory to include a transformer in the conversitain and, therefore, an intermediate AC stage
is required. The Dual Active Bridge (DAB) of FiguBeb is a basic topology achieving DC/AC/DC
conversion with an intermediate transformer. Thotighnumber of switching semiconductors has
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been multiplied by four, their individual voltagadacurrent values match with the switched power
so the power losses falls within logical valuesistibbtaining acceptable efficiencies.
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Figure 8. DC/DC converters; a) buck-boost topology, b) Dual Ative Bridge (DAB)
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The preferred solution in terms of efficiency ig tBeries Resonant Dual Active Bridge (SRDAB),
see Figure 9. Based on a DAB structure, it inclumlesries capacitor in the intermediate AC stage,
thus, a resonant tank is obtained. By switchinfyesfuencies above the resonant one, it is possible
to get soft switching behaviour under some condgj@nd therefore efficiencies of around 95% are
obtained.
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Figure 9. Series-Resonant Dual Active Bridge

Another benefit of the above mentioned soft switghibehaviour of the SRDAB is the
minimization of radiated and conduced interferentiess making it easier to comply with EMC
requirements. The already good efficiency of théd8R can be additionally improved by the use
of new state-of-the art Silicon Carbide (SiC) semductors. So far, the only commercially
available DC/DC converter compatible with this apgtion is based on the SRDAB topology and
includes SiC technology, thus providing the reqiifeexibility of use and efficiency [7]. In
addition to all the previous features, this cormedan be easily parallelized and therefore, using
basic storage modules and this basic DC/DC conveatescalable portfolio can be built thus
covering a large variety of energy-power requiretsen

7 CONCLUSIONS

This paper analyses a variety of lift applicatiaesjuiring energy storage. After this, storage
requirements are classified in two groups: longntaigh-energy UPS type functionalities and short
term low-energy ERS type functionalities. Among thailable accumulation technologies, Lead-
Acid batteries are the preferred choice if a bigoant of energy is required whereas ultracapacitors
offer the best performance for high-power low-egemgpplications with intensive cyclical
operation. Due to commercial availability, cost amesign requirements, the 48V standard is
selected for energy storage modules. It is showhlihsic battery modules and basic ultracapacitor
modules can be used as building blocks in scalap¢ems thus covering the required energy-
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power range. This scalable system needs to be eomepited by a high-gain DC/DC converter with
particular features, which has become the mainege of the proposed architectures. Nowadays,
some power electronic manufacturers have underdsio®cheed and potential market of such a
special converter and therefore they have inclutded standard product in their portfolio. Thus,
using the proposed flexible architecture, any smiathedium size lift manufacturer can offer high-
end solutions with minor investments, respondingldy to the market requirements for higher
efficiency.
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