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Abstract: Improving energy efficiency is the most important goal for buildings today. One of the
ways to increase energy efficiency is to use the regenerative potential of elevators. Due to the special
requirements of elevator drives, energy storage systems based on supercapacitors are the most
suitable for storing regenerative energy. This paper proposes an energy storage system consisting of a
supercapacitor bank and a bidirectional six-phase interleaved DC/DC converter. The energy savings
achieved by the proposed system were investigated through simulation tests. The proposed system
was modeled considering all physical constraints. A simulation model of the existing faculty elevator
system was created in PLECS and verified with field measurements. Reliable results were ensured by
using the verified simulation model and considering all physical constraints. The operation of the
proposed energy storage system was tested under various conditions. In addition, the simulation
model of the elevator system with the proposed energy storage system was tested using the elevator
traffic data obtained from the measurements. The simulation results show the effectiveness of the
proposed energy storage system and that significant energy savings can be achieved.
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1. Introduction

Energy consumption in commercial, residential, and administrative buildings accounts
for a significant portion of total energy consumption [1]. In order to increase savings in
buildings and meet future climate and energy goals, the concepts of zero energy buildings
(ZEBs) and positive energy buildings (PEBs) have been introduced [2,3]. The basic principle
of these concepts is to optimize the energy consumption of buildings by using sustainable
technologies and to generate energy by integrating renewable energy generation systems,
resulting in buildings that can meet their energy needs and even generate more energy than
is required. By implementing these concepts, the problems of energy-saving, environmental
protection and reduction in CO; emissions in buildings are addressed, and reliability,
independence from the power grid, environmental friendliness and cost efficiency are
achieved [4,5].

The main goal of energy-efficient buildings is to keep energy consumption as low
as possible. However, little attention has been paid to energy-efficient elevator systems,
which can lead to significant energy savings in buildings [6]. Elevators typically account
for 2% to 10% of a building’s energy consumption [7], but, in high-rise buildings, they can
reportedly be responsible for 17% to 25% of total energy consumption [8]. During peak
periods, elevators can consume up to 40% of a building’s energy [9]. In addition, elevators
can generate clean energy that can be used for consumers in the building instead of being
wasted as heat, as is the case with conventional elevator systems. According to [10], there
is significant potential for savings in elevator systems that can be realized through numer-
ous measures: reducing standby consumption, adapting new motor technologies, using
regenerative energy, improving dispatching systems, or introducing machine-roomless
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(MRL) approaches. By implementing these measures, energy savings of 40% or more can
be achieved [11]. Research on the development of a net-zero energy elevator concept has
also been reported [7].

Recently, energy savings in elevator systems achieved through the use of regenerative
energy have attracted much attention. The most attractive solutions are energy storage
systems connected to the DC-link of an elevator drive, where regenerative energy is stored
and can be used to reduce peak loads or supply other equipment. The solutions proposed
in the literature are mainly based on supercapacitors. Supercapacitors have a high power
density, a fast charge/discharge rate, a high number of charge/discharge cycles, and
a long lifetime, making them suitable for elevator applications characterized by a high
number of starts and stops, short trips, and high braking power in regenerative mode [12].
Typical designs of energy storage systems in elevator applications use a bidirectional
DC/DC converter and a supercapacitor bank [8,13-23]. The research studies presented
in the literature focus on control strategies [15,17], storage system design [13,14,18-22],
supercapacitor bank sizing [8,19,21], DC/DC converter topology [23,24], and additional
functions, such as emergency power supply [14] or power factor correction [16], with
simulations and experimental tests used to validate the proposed concepts. However,
a comprehensive estimation of the energy savings achieved by energy storage systems
is missing.

In addition, only a few recent research papers have highlighted the role of energy-
efficient elevators in improving building energy efficiency. In [25], a hybrid energy storage
system with an ultracapacitor energy storage system and a battery energy storage system
was proposed to reduce the power and energy consumption of elevators in residential
buildings. An ultracapacitor was used to reduce peak consumption, and a battery storage
system was used to supply the general electrical loads in the building. The proposed
method was verified in MATLAB, focusing on an indirect field-oriented control strategy
for the drive. However, the elevator traffic and characteristic parameters of the elevator
speed profile were not considered. In [26], an energy-saving approach was proposed
for a group of elevators based on a DC microgrid. An energy-efficient device based on
supercapacitors was developed for the elevator group, and experimental tests showed
that the energy savings ranged from 15.9 to 23.1% and 24.1 to 54.5% depending on the
experiments conducted. However, details of the energy-efficient device and experiments
were not provided. Therefore, the importance of energy-efficient elevators in improving
a building’s energy efficiency is gaining increasing attention. However, a comprehensive
study of energy savings is still pending.

This paper proposes a supercapacitor-based energy storage system for elevator appli-
cations, consisting of a six-phase interleaved DC/DC converter and a supercapacitor bank.
The objective of the paper is to evaluate the effectiveness of the proposed system and to
estimate, as accurately as possible, the energy savings achieved. A comprehensive study of
the energy savings obtained was performed using PLECS software. Since the proposed
energy storage system was being prototyped, the simulation model of the energy storage
system was built using its actual parameters and considering all physical constraints. In
addition, the existing faculty elevator system was modeled, and the simulation model
was verified using field measurements. Using the verified model of the existing elevator
system, and considering all practical constraints in modeling the energy storage system,
a complex simulation model was built to estimate the energy savings. The performance
of the energy storage system and the achievable energy savings were analyzed under
different operating conditions. Selected experimental results were evaluated to confirm the
effectiveness of the proposed solution. The energy savings during a reference cycle, two
consecutive regenerative trips, and considering actual elevator traffic data obtained from
field measurements, were recorded and analyzed. Using the actual elevator traffic data, an
estimate of the energy savings was found to be very close to the actual measurements. The
energy consumption of the elevator system, with and without the energy storage system,
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was compared. The results showed that the proposed energy storage system was able to
achieve significant energy savings.

The paper is organized as follows: Section 2 describes the elevator system, and
Section 3 describes the modeling and verification of the elevator system. The proposed
energy storage system is presented in Section 4. The simulation results are presented in
Section 5 and the discussion in Section 6. The conclusions are provided in Section 7.

2. Elevator System

The main components of a traction sheave elevator system are the car, the counter-
weight, the guides, and the electric drive [27]. The car and counterweight slide on guide
rails and are connected by a suspension rope. The suspension rope is suspended from a
traction sheave, driven by an electric drive. A typical elevator system is shown in Figure 1.
A variable frequency drive (VFD) controls the electric drive [28]. Induction motors or
permanent magnet motors are commonly used. The weight of the counterweight is usually
selected to be equal to the sum of the weight of the empty car and 50% of the nominal
load [27]. Thus, the elevator is in equilibrium when loaded with half the nominal load. The
elevator system also includes mechanical safety devices for emergencies.
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Figure 1. Elevator system.

The elevator drive can operate in motor mode and generator mode. In motor mode,
the electric drive draws energy from the grid, while in generator mode it generates electrical
energy that can be fed back into the grid or stored and used as needed. In conventional
elevator systems, the regenerative energy is dissipated as heat at the braking resistor.

The operating mode of the elevator drive depends on the current difference in the
total weight between the car and the counterweight and the direction of motion. The
conditions for the operating modes are given in Table 1, where m, is the total weight of
the car, including any passengers, and 1., is the weight of the counterweight. When
the total weight of the car and the weight of the counterweight are equal, the system
is in equilibrium. However, the elevator drive operates in motor mode because it must
compensate for mechanical losses (e.g., friction).
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Table 1. Elevator drive operating modes.

Mode Direction Weight Ratio
Motor Up Mic > Mew
Down Mic < Mew
Up or Down Mie = Mew *
Generator Up Mic < Mew
Down Mic > Mew

* Covering friction losses.

The energy consumption of an elevator is not easy to estimate, as it depends on several
factors: the traffic demand, which is difficult to estimate, the dispatching system, the
control system, the standby operation, etc. To estimate the annual consumption of an
elevator and its energy efficiency, the most commonly used standards are VDI 4707 and
ISO 25745 [29]. These standards are based on short-term energy measurements, where the
energy consumption is measured during reference cycles. The reference cycle of an elevator
consists of the trip from the ground floor to the top floor and back, starting and ending with
an open door. The typical speed profile of an elevator during a reference cycle is shown in
Figure 2.

Elevators usually travel at a constant speed and have an S-shaped speed when acceler-
ating and decelerating to ensure passenger comfort. They enter the station at a very low
speed, called the landing speed.
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Figure 2. Example of elevator speed during the reference cycle.

3. Elevator System Modeling and Verification

To test the proposed energy storage system, the existing faculty elevator system
was modeled in Plexim PLECS. The PLECS software is a simulation platform for power
electronic systems that can model and simulate electrical, magnetic, thermal, and mechan-
ical aspects of complete systems, including power sources, power converters, and loads.
The PLECS library includes models of electrical machines (induction and synchronous
machines), power electronic devices (semiconductors, such as IGBT and MOSFET), and
thermal and mechanical components.

The proposed energy storage system consists of the VFD, the electrical machine, and
the mechanical system. The simulation model of the elevator system is shown in Figure 3.
The parameters of the elevator are given in Table A1, the parameters of the VFD are given in
Table A2 and the parameters of the synchronous motor with permanent magnets are given
in Table A3. The model of the three-phase synchronous machine with surface-mounted
permanent magnets was used from the PLECS library, while the model of the elevator VFD
and the elevator mechanical system were built manually. The models of the VFD and the
mechanical system are described as follows.
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Figure 3. Elevator system simulation model in PLECS.

3.1. Mechanical System

The elevator mechanical system was modeled based on available faculty elevator data.
The suspension ratio was 2:1, and the mass of the counterweight was 50% of the nominal
load plus the mass of the empty car. The mass of the suspension rope, the mass of the
traveling cable, and the mass of the compensation rope, as well as their dynamics, were
assumed to be negligible.

The electric machine controls the mechanical system of the elevator. The torque of the
electric machine was calculated as follows:

Tm:Ftot'R+]tot'%+D'w 1)
where Ty, is the torque of the electric machine, Fi,; is the total force on the traction sheave,
R is the radius of the traction sheave, iy is the total moment of inertia, w is the angular
velocity of the machine shaft, and D is the damping factor of the mechanical system.

The total force F;,; depends on the weight difference between the car with any passen-
gers on one side and the counterweight on the other. All mechanical system losses were
accounted for with a damping factor D estimated from the efficiency of the mechanical
system at nominal load. The input signals of the simulation model were the mass of the
load (1)) and the speed of the electric machine (w), and the output signal was the torque of
the electric machine (Tyy,).

3.2. VFD Model

The schematic of the VFD modeled in PLECS is shown in Figure 4. It consists of a
three-phase diode rectifier, DC-link with capacitor C4 and inductors L1 and L2, and the
inverter. Resistor R serves as a precharge resistor for capacitor C4. Since the three-phase
diode rectifier cannot feed energy back to the grid during regenerative braking, this energy
is dissipated at the braking resistor connected to terminals B+ and B—. Transistor T7 controls
the heat dissipation at the braking resistor. The proposed EESS is connected to the +UDC
and -UDC terminals, as shown in Figure 4.
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Figure 4. Schematic of the elevator VFD.

The VFD is supplied by a three-phase system with a line voltage of 400 V/50 Hz. The
expected nominal voltage of the DC bus is therefore 565 V, but may vary between 500 V
and 800 V (depending on the load and mains conditions), as this is the typical operating
voltage of commercially available VFDs.

The control logic block is used to control the inverter, transistor T7, and the precharge
circuit. The precharge resistor R is short-circuited with a delay of 1 s after the supply
voltage is connected to the input of the VFD. Transistor T7 turns on when the voltage of the
DC bus is higher than 720 V, and turns off when the voltage of the DC bus is lower than
700 V. The speed control of the electric machine is achieved with a field-oriented control
(FOC) using a speed sensor. The schematic of the implemented FOC is shown in Figure 5.

SVM

PWMA
PWMB
~/ [PWMC

Figure 5. Schematic of the FOC.

The speed control of a synchronous machine with permanent magnets is based on the
control structure proposed in [30]. A P controller is used in the current control loop and a
PI controller in the speed control loop, while a PI controller is used to control the I; current
to eliminate the steady-state error [30]. Additional functions, such as anti-windup, current
and voltage limiting, and field weakening were not modeled to reduce the complexity of
the simulation model.

In a typical elevator application, a mechanical brake is installed. When the elevator
car stops, the brake closes and prevents further movement of the motor shaft. Therefore,
the electric motor is not used in standby mode. Before the elevator car is set in motion, a
control system sets the torque setpoint of the electric motor based on the load measurement.
When the brake is released, the electric motor smoothly overtakes the load, and the elevator
car starts moving. A mechanical brake function was not implemented in the simulation
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model. The motor constantly develops torque, even in standby mode, and the value of the
torque is load-dependent.

3.3. Simulation Model Verification

The simulation model of the faculty elevator system shown in Figure 3 was verified
by field measurements. The simulation model was fed with the speed and load profile
of the faculty elevator obtained from the measurements, and the simulation results were
compared with the measurements for different load and speed profiles. The comparison
showed that the simulation model of the faculty elevator reproduced its actual behaviour
very well and could be used for further analysis.

The results of the simulation test and the measurement test were compared for the
elevator trip from the top floor to the ground floor and back with an empty car. The velocity
profile during the test is shown in Figure 2. The power of the elevator system obtained by
simulation and measurements is shown in Figure 6. In motor mode, the power corresponds
to the power required by the grid; in generator mode, the power corresponds to the power
fed back into the VFD. Since the VFD has a diode bridge rectifier, the power in generator
mode was measured at DC-link, both in the measurement and simulation tests.

15 :

simulation

measurement

By [ kW

|
0 10 20 30 40 50 60

t/s
Figure 6. Comparison of power of the elevator system obtained from simulation and measurement.

4. Energy Storage System

The supercapacitor-based elevator energy storage system (EESS) proposed in this
paper consists of a supercapacitor (SC) bank and a six-phase interleaved bidirectional
DC/DC converter. The schematic of the EESS is shown in Figure 7. The EESS is connected
to the DC bus of the VFD, and energy is transferred from the elevator to the SC bank and
vice versa via a bidirectional DC/DC converter. An SC bank serves as energy storage.

The EESS was designed for an elevator drive with a nominal power of 10 kW. The 6-
phase interleaved DC/DC converter was proposed to achieve the desired maximum output
current ripple, reduce the volume of inductor and reduce the DC/DC converter losses.
The SC bank was sized according to the regenerative energy potential analysis presented
in [29,31]. The EESS simulation model consisted of the DC/DC converter, the SC bank,
and the EESS control algorithm. The EESS simulation model was designed considering all
physical constraints, which are explained in detail in the following subsections.
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4.1. Supercapacitor Bank

The nominal voltage of the SC bank is typically in the range of 100 V to 300 V [14,18].
Considering that the nominal operating voltage of the VFD DC bus is 565 V and the non-
isolated topology of the DC/DC converter is best suited for a transform ratio of 4 or less [32],
the nominal voltage of the SC bank of 300 V was selected. The operating voltage range
for the SC bank is usually selected in the range of U,/2 to U,, where U, is the nominal
voltage. In this way, 75 % of the total energy stored in the supercapacitors is used [14]. The
selected operating voltage range for the SC bank is thus between 150 V and 300 V DC.

Since the typical nominal voltage of a supercapacitor cell is in the range of 1.2 V to
3.5V [33], several supercapacitor cells must be connected in series to form an SC bank. The
capacitance tolerance of each supercapacitor cell can vary between £20% of nominal [34],
which can result in uneven voltage distribution across the series-connected supercapacitor
cells and higher than expected voltages across the supercapacitor cells. Higher than nominal
voltages can lead to higher leakage currents, increased gassing, and overall destruction
of the supercapacitor cells [35]. To solve the problem of uneven voltage distribution on
supercapacitors, balancing circuits are used. Considering the complexity of the overall
model and the complexity of the balancing circuits of supercapacitors, supercapacitor cells
with the same characteristics are used to model the supercapacitor bank. Their series
representation can be modeled as a supercapacitor with higher nominal voltage.

Supercapacitors are non-linear elements because their capacitance changes with voltage
and frequency [34]. Several models of supercapacitors can be found in the literature [34,36,37].
The most accurate model of a supercapacitor is the transmission line model [36], which is
very complex. In this paper, the supercapacitor bank was modeled as an ideal capacitor
with ESR due to the high demands on the execution of the entire simulation model. The SC
bank was sized to store energy for a maximum of two regenerative energy cycles. For the
studied elevator, the maximum continuous regenerative power was 5.5 kW. The maximum
regenerative energy was determined from field measurements and was 86 k], so the SC bank
would be able to store at least 172 kJ.

The energy stored in the supercapacitor bank that can be further used can be calculated

as follows: )
Eus = UHTC -0.75 )

where U, is the nominal voltage of the charged supercapacitor bank and C is the capacitance
of the supercapacitor bank. The energy is multiplied by 0.75 since 75 % of the energy stored
in the supercapacitor is used. Using the Equation (2) and the known maximum voltage of
the supercapacitor bank, the required minimum capacitance of the supercapacitor bank
was calculated to be 5.1 F.
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Commercially available supercapacitor cells that could be used to form the superca-
pacitor bank have a nominal voltage of 2.7 V to 3 V. In [38], it is reported that charging a
supercapacitor cell with 200 mV above the nominal voltage can shorten the lifetime of the
supercapacitor by 64 times. It was also shown that it is possible to extend the lifetime of
the supercapacitor cell if the operating voltage of the supercapacitor cell is kept below the
nominal voltage. Thus, with a nominal voltage of 300 V selected for the supercapacitor
bank in this paper, 120 supercapacitor cells with a nominal voltage of 2.7 V are required,
and each cell should be charged to a maximum of 2.5 V. The minimum required capacitance
of a cell can be calculated as follows:

Ceell_min = N - Csc_pank 3)

where N is the number of supercapacitor cells connected in series and Csc pank is the
minimum required capacitance of the supercapacitor bank. For the elevator under study,
the minimum required capacitance of each cell must be 612 F. In this capacitance range,
commercially available cells have a nominal capacitance value of 400 F, 600 F, or 1100 F.
Therefore, it is assumed that the supercapacitor bank should consist of 400 F cells connected
in parallel to achieve an equivalent capacitance of 800 F. When 120 supercapacitors of 800 F
are connected in series, the nominal capacitance of the supercapacitor bank is 6.7 F, which
is 31 % more than the calculated minimum capacitance of the supercapacitor bank.

For supercapacitor bank modeling, it is assumed that the supercapacitor bank consists
of 240 cells of 400 F/2.7 V in parallel and series connection. The ESR of 400 F supercapacitor
cells is about 3 m(), and it is assumed that, when two supercapacitor cells are connected in
parallel, their ESR is 1.5 m(). When 120 supercapacitor pairs are connected in series, the
equivalent ESR is 180 m(). The equivalent model used to model the SC bank is shown in
Figure 8. All the supercapacitor bank parameters used for modeling are given in Table 2.

SC bank

(0]
|
I I
I I
| [] ESR |
I I
I I
I I
I I
| |
: ==CSC :
| |
L = — — —

(0]

Figure 8. Equivalent model of the SC bank.

Table 2. SC bank parameters.

Parameter Value
Operating voltage range, Uyr [V] 150-300
Usable stored energy, E;s []] 226
Total capacitance, Ciot [F] 6.7

ESR [mQ)] 180
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In elevator applications, there are cases where the SC bank needs to be charged / discharged
quickly at higher currents (e.g., 20 A in this case). Higher currents increase the losses caused by
the ESR of the supercapacitor. The ESR value depends on the frequency and temperature [34].
As stated in [34], the ESR can be represented by a fixed value for modeling losses in elevator
applications. Each supercapacitor manufacturer usually specifies a constant RMS current
value where the supercapacitor temperature rise is within tolerance and does not significantly
affect the supercapacitor characteristics. For a 400 F supercapacitor cell, the recommended
maximum RMS current value is about 20-30 A, depending on the manufacturer and the desired
temperature rise. Assuming that two cells are connected in parallel, and the current is evenly
distributed, the maximum continuous current capacity of the SC bank is about 40-50 A.

4.2. DC/DC Converter

For bidirectional DC/DC converters used in EESS, there are three common topologies:
basic buck/boost, interleaved buck/boost, and dual active bridge (DAB) [24]. The topology
chosen in this paper is a six-phase interleaved DC/DC converter. With the interleaved
DC/DC converter, it is possible to achieve no turn-on losses of the transistor, and the total
inductor volume is smaller than the inductor volume in the basic buck/boost topology [39].
By reducing the volume of the DC/DC converter, the EESS can be more compact and fit
into tighter spaces. The schematic of a six-phase interleaved DC/DC converter is shown in
Figure 9. It consists of six phases, where each phase is constructed from a half-bridge and
an inductor.

ZIT PR

ESR¢ []

Cl=

e J?T} P 45} mﬁ} ngliﬁi Hﬂ%}s Hﬂ%} = ::

PWM1 PWM2 PWM3 PWM4 PWMS5 PWM6

B UDC

Control Usc
,,,,, _ Isc

ref

Figure 9. Schematic of a six-phase interleaved buck/boost DC/DC converter.

For the design of the DC/DC converter, the operating voltages and currents must
be specified. The operating voltages of the DC/DC converter for the EESS under study
are determined by the DC-link voltages of the elevator VFD (500-800 V) and the SC bank
operating voltages (150-300 V). The current value is determined by the required peak
power of the DC/DC converter. If the constant power of the supercapacitor is to be
maintained over the full range of the operating voltage, the current must vary with the
voltage. Therefore, the peak output power for the DC/DC converter used in the EESS was
set at about 80 % of the nominal power of the elevator. In this case, this corresponds to a
peak power of 8 kW. With a maximum supercapacitor voltage of 300 V, this results in an SC
bank current of about 27 A.

The load of the DC/DC converter changes according to the requirements of the
elevator, which are very dynamic. The dynamic load change of the DC/DC converter can
affect the temperature change profile of the semiconductor. The dynamic load change of
the DC/DC converter can affect the temperature change profile of the semiconductors.
Continuous temperature changes of the semiconductors can shorten the lifetime of the
semiconductors [40—42].

In the simulation model, the transistors are modeled as ideal, but the transistor conduc-
tion and switching losses are modeled with a variable current source connected to the DC
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bus. In this way, the complexity of the simulation model is reduced, which helps increase
the simulation speed. Considering all modeled losses, the efficiency of the DC/DC con-
verter at maximum power and 600 V on the DC bus is approximately 95 %. The parameters
of the modeled DC/DC converter are given in Table 3.

Table 3. DC/DC converter parameters.

Parameter Value
Input voltage, Ui, [V] 500-800
Output voltage, Uout [V] 150-300
Max. input current, Ij, [A] 16
Output current, Ioyut [A] 0-27
Switching frequency, fsw [kHz] 25
Inductance of inductor, L1—Lg [1H] 350
ESR, ESR1-ESR6 [Q)] 0.2

As described in [34], control of the interleaved DC/DC converter is achieved by a
phase shift between the PWM signals controlling each phase with a phase shift of 27t/ N,
where N is the number of phases. In this case, the phase shift is 71/3. The PI controller is
used to control the supercapacitor current by controlling the duty cycle of the PWM signal
of each phase. Each mode (buck and boost) has its own PI controller to control the charge
and discharge current of the SC bank. In buck mode, the T, transistors (for n in the range
of 1 to 6) are turned off, while the T,,,_; transistors are controlled by PWM. In boost mode,
it is the other way around: the T, transistors are turned off, while the Ty, transistors are
controlled by PWM. In each mode, i.e., buck and boost, the SC bank current is measured,
based on which the duty cycle for PWM is determined. To control each phase, each phase
of the interleaved converter has its own PWM generator, which has a phase shift. Since the
DC/DC converter must be able to switch between modes, the PI controller has a function
to reset the integral function of the controller in each mode.

4.3. Control Circuit

The control circuit of the EESS is responsible for controlling the charging and dis-
charging of the supercapacitor bank depending on the behaviour of the elevator. Several
approaches to the use of control algorithms for EESS are described in the literature, includ-
ing dynamic programming [15], fuzzy logic [17], rule-based (RB) [15] and PI controller [43].
In this paper, the control is achieved with a controller similar to the method proposed
in [43], which uses the PI controller.

5. Simulation Results

The simulation model of the elevator system presented in Section 3 was extended
to include the simulation model of the EESS presented in Section 4. The simulation
model of the elevator system with EESS is shown in Figure 10. The simulation tests were
performed under different operating conditions. The objective was to test the operation
of the proposed energy storage solution and to estimate possible savings due to energy
storage. The results of the following simulation tests are presented: operation during a
reference cycle, operation during two consecutive regenerative trips, and operation under
real traffic demand during a 7-min interval. In all the simulation tests, the stored energy
was used for driving, but it could also be used for any other purpose. The results are
evaluated as follows.
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Figure 10. Simulation model of the elevator system with EESS.

5.1. Reference Cycle

The reference cycle consists of running an empty elevator from the ground floor to
the top floor and vice versa. When the mass of the counterweight is equal to the sum of
the mass of the car and 50% of the load, the reference cycle represents the elevator travel
with the highest possible regenerative energy production (while the elevator travels from
the ground floor to the top floor) and the highest possible energy consumption (while the
elevator travels from the top floor to the ground floor). Therefore, high energy savings can
be achieved during the reference cycle.

The speed setpoint and load profile during the reference cycle are shown in Figure 11a.
The elevator first operates in regenerative mode and stores the energy in the SC bank, then
it operates in motor mode and the energy is used for motor operation. The initial voltage of
the supercapacitor bank was assumed to be 200 V. The reference voltage for the DC bus in
EESS was set to 600 V. The results are shown in Figures 11 and 12. The energy consumption
was compared with that of the elevator system without EESS.

The input power of the elevator system, with and without EESS, is shown in Figure 11b.
It can be seen that the EESS reduces the peak power of the grid by about 43 %. Also, the
total energy consumption of the elevator system with EESS is 103 k], while the total energy
consumption without EESS is 215 kJ. With the EESS, an energy saving of about 52 % is
achieved during the reference cycle.

The DC bus voltage is shown in Figure 12a. In regenerative mode, the DC bus voltage
is about 650 V. At about 20 s, a regenerative power peak occurs, which shows up as a
voltage peak of 720 V on the DC bus. This is due to the regenerative power being slightly
higher than the value of the power that can be stored in the SC bank. In motor mode,
the bus voltage drops from DC to about 530 V as the line voltage drops and the power
consumed by the elevator is higher than the power supplied by the EESS.

The power of the SC bank and the power dissipation at the braking resistor are shown
in Figure 12b. It can be observed that the power dissipation at the braking resistor occurs
at about 20 s during the voltage peak on the DC bus (Figure 12a). When the SC bank
accumulates energy, the SC bank power is positive. When the SC bank dissipates energy,
the power of the SC bank is negative. In regenerative mode, the power of the SC bank is



Appl. Sci. 2022,12,7184 13 of 22

constant until the maximum regenerative power is reached. In motor mode, the power of
the SC bank decreases over time.

The current and voltage of the SC bank are shown in Figure 12c; when the SC bank
accumulates energy, the current is positive, and when it dissipates energy, it is negative. In
a regenerative mode, the SC bank current decreases while the SC bank voltage increases.
The result is the constant power of the SC bank. In an elevator motor mode, the current of
the SC bank is constant, while the voltage decreases.
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Figure 11. Simulation results for the reference cycle. (a) Elevator speed setpoint and mass of the load.
(b) Input power.
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Figure 12. Simulation results for the reference cycle. (a) DC bus voltage. (b) SC bank power and
braking resistor power. (c) Voltage and current of the SC bank.

5.2. Consecutive Regenerative Trips

Simulation tests were performed for two consecutive regenerative trips with maximum
regenerative energy, since the SC bank is dimensioned to save the energy for this case.
The initial voltage of the SC bank was assumed to be 155 V, which is slightly higher than
the lower limit of the operating voltage of the SC bank. The simulation was performed
as a reference cycle where the empty elevator travels from the ground floor to the top
floor and from the top floor to the ground floor with the nominal load. Figure 13a shows
the speed setpoint and load profile during two consecutive regenerative trips. A positive
speed indicates an upward movement of the elevator car, while a negative sign represents
a downward movement.
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The input power of the elevator system with and without EESS is shown in Figure 13b.
During two consecutive regenerative trips, the elevator operates in regenerative mode and
the power from the grid is almost the same for the elevator system with and without EESS.
However, since the EESS has a standby power of 24 W, the consumed power with EESS is
slightly higher than the power without EESS. In addition, a power disturbance is observed
at 35 s because the elevator load has changed and the mechanical brake is not simulated.
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Figure 13. Simulation results for two consecutive regenerative trips. (a) Elevator speed setpoint and
mass of the load. (b) Input power.

The DC bus voltage is shown in Figure 14a. During the first regenerative trip, the
DC bus voltage increases to 720 V, which means that the SC bank is not able to store all
the regenerative energy, and there is a power dissipation at the braking resistor. Since the
braking resistor is controlled by a relay with hysteresis, there is a voltage fluctuation on the
DC bus. During the second regenerative trip, the DC bus voltage is about 650 V, and all the
regenerative energy is stored in the SC bank.

The power of the SC bank and the power of the braking resistor are shown in Figure 14b.
During the first regenerative trip, there is power dissipation at the braking resistor. During
the second trip, there is no power dissipation at the braking resistor, and the power of the
SC bank is constant and equal to the regenerative power of the elevator.

The current and voltage of the SC bank are shown in Figure 14c. During the first
regenerative trip, the current of the SC bank reaches its maximum value of 27 A. This means
that the charging power of the SC bank is limited by the maximum charging current of the
DC/DC converter.
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Figure 14. Simulation results for two consecutive regenerative trips. (a) DC bus voltage. (b) SC bank
power and braking resistor power. (c) Voltage and current of the SC bank.

5.3. Real Traffic Data

The simulation test was performed with real traffic data obtained during the field
measurement at the faculty elevator. The speed setpoint, load, and power consumption
were measured for one day. The measured speed setpoint and load profile were the inputs
to the simulation model. The simulation results for randomly selected 7 min of traffic data
are shown in Figures 15 and 16. The speed setpoint and load profile during the selected
7-min interval are shown in Figure 15a. It can be seen that there were twelve elevator trips
with different loads during the selected interval. The initial voltage of the SC was set to
200 V.

The total energy consumption during the selected 7-min interval of the elevator system
without EESS was 895 k], while the energy consumption of the elevator system with EESS
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was 581 k]. Thus, an energy saving of 35% was achieved with the EESS. In addition, the
peak power of the elevator system without EESS was 14.7 kW, while the peak power of the
elevator system with EESS was 11.5 kW, resulting in a peak power reduction of 22%.

The input power of the elevator system with and without EESS is shown in Figure 15b.
The use of EESS reduced the power consumption from the grid. From 600 s to 630 s, the SC
bank was discharged, so it could not reduce the power consumption from the grid for this
particular elevator trip.
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Figure 15. Simulation results for real traffic data. (a) Elevator speed setpoint and mass of the load.

(b) Input power.

The DC bus voltage is shown in Figure 16a. It can be observed that, in some cases, the
voltage on the DC bus increased to 720 V, which means that the SC bank could not store all
the available regenerative energy and there was a power dissipation at the braking resistor.

The power of the SC bank and the power of the braking resistor are shown in Figure 16b.
It can be seen that the SC bank was not able to store the current regenerative energy at some
moments, resulting in power dissipation at the braking resistor. The SC bank was not able
to store all the energy due to the low voltage of the SC bank and the current limiting the
maximum power value at lower voltages.

The voltage and current of the SC bank are shown in Figure 16. It can be seen that the
SC bank was emptied to the lower limit and its current was, at times, at the limit.
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Figure 16. Simulation results for real traffic data. (a) DC bus voltage. (b) SC bank power and braking
resistor power. (c) Voltage and current of the SC bank.

6. Discussion

The simulation results showed that significant energy savings can be achieved with
EESS. During the reference cycle, which is the elevator trip with high possible energy
savings, energy savings of up to 52% were achieved, with a 43% reduction in the peak
power of the grid. When real traffic data from on-site measurements were used as input to
the simulation model, the simulation results showed energy savings of 35% and a reduction
in the peak power of the grid by 22%. The energy savings are highly dependent on elevator
traffic, which is inherently stochastic. The energy stored in the SC bank depends on the
frequency of elevator trips, the type of trips (regenerative or motor), the duration, and the
arrangement of regenerative and motor trips. The energy savings achieved also depend on
the control algorithms. Higher energy savings can be achieved if the dispatch algorithm
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maximises stored energy. Higher peak power reduction can also be achieved by a different
control approach, where the EESS provides energy mainly during the acceleration time of
the elevator.

The simulation results during the two consecutive regenerative trips have shown
that it is impossible to achieve the same nominal power for each SC bank voltage due to
the voltage fluctuations of the SC bank and the maximum output current of the DC/DC
converter. For this reason, even though the SC bank was not fully charged and was
designed for two regenerative trips with maximum energy, power dissipation occurred at
the braking resistor during two consecutive regenerative trips. By increasing the output
current capacity of the DC/DC converter , it would be possible to store all the regenerative
energy in the SC bank, which could increase the overall efficiency of the elevator system,
but also increase the cost.

Simulation results also confirmed the effectiveness of the proposed EESS. Most of
the regenerative energy was stored in the SC bank and effectively used during the motor
mode. Due to the current limitation of the DC/DC converter, power dissipation at the
braking resistor occurred when the voltage of the SC bank was lower or the SC bank was
fully charged.

The elevator system with the EESS can achieve significant energy savings in a building
and provide additional functionality because the energy storage can be used to supply other
equipment. Integrating the elevator system with the EESS into the building management
system (BMS) could provide a quick and controllable energy source and storage, further
improving the energy efficiency of the building. Renewable energy sources, such as solar
panels, can also be connected to the energy storage system, creating an elevator with a
positive energy balance.

Future work will focus on exploring potential energy savings in a group of elevators
where higher energy savings may be possible and on exploring control algorithms that
could further improve energy savings. In addition, the prototype of the proposed EESS
will be validated through experimental testing.

7. Conclusions

An efficient elevator system can significantly improve the energy efficiency of a
building. One way to improve the efficiency of the elevator system is to use regenerative
energy. In this paper, a supercapacitor-based energy storage system for elevator applications
was proposed, and a comprehensive study of the energy savings achieved by the proposed
system was conducted. The energy storage system consists of a supercapacitor bank and
a bidirectional six-phase interleaved DC/DC converter. The energy storage system was
modeled considering all physical constraints. In addition, simulation tests were performed
using the simulation model of the existing elevator system, which was verified with on-site
measurements. The verified simulation model ensures that the simulation results are very
close to the measurement results, and a reliable energy savings study can be performed.
The simulation tests were conducted under different operating conditions, and the results
of the reference cycle, two consecutive regenerative trips, and real traffic data are presented
and analysed. The simulation results showed the effectiveness of the proposed energy
storage system, and the energy saving study showed that the proposed system can achieve
significant energy savings. Moreover, the proposed system can add new functionalities to
energy-efficient buildings.
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Abbreviations

The following abbreviations are used in this manuscript:

ZEB  Zero Energy Building

PEB Positive Energy Building

MRL Machine-roomless

VFD  Variable Frequency Drive

EESS  Elevator Energy Storage System
SC Supercapacitor

FOC  Field-Oriented Control

ESR  Equivalent Series Resistance

Appendix A

Table Al. Elevator data.

Parameter Value

Nominal load, Q [kg] 630
Nominal speed, vy [m/s] 2.5

Car weight [kg] 800
Counterweight compensation [%] 50

Operating days per year, dop 365

Lifting height, Fy [m] 45.6
Number of floors 13
Maximum number of passengers 8

Table A2. VFD data.

Parameter Value
Load factor at I;;, L f [%] 60
Nominal power, P, [kW] 12.1/84
Nominal voltage, U, [V] 400
Nominal current, I, [A] 32
Peak current, I, [A] 52
Switching frequency, P,y [kHz] 4-16

Weight, Myrp [kg] 16.4
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Table A3. Motor data.

Parameter Value
Duty cycle, D [%] 53-20/40
Nominal power, P, [kW] 12.1/8.4
Nominal voltage, U, [V] 360
Nominal current, I, [A] 32/22
Nominal speed, 1, [min—1] 192
Power factor, cos¢ 0.9/0.95
Inertia, [, [kg-mz] 0.31
Stator resistance, R [()] 0.67
Induced voltage, U [V] 222
Nominal torque, T, [Nm] 600/420
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