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Abstract

The betterment of economic and energy recovery efficiency of an elevator energy storage device is considered a
big challenge. To serve this purpose, this paper proposes a capacity allocation method and an energy control
strategy of elevator hybrid energy storage device (HESD) based on supercapacitor and battery. By analysing the
cost for HESD and calculating battery life with rain flow counting method, a capacity allocation scheme with the
minimum daily average cost as the objective function is established. The working area of HESD is partitioned
according to the state of charge (SOC) value, and the energy control state machine of HESD. The SOC and the DC
bus voltage as the transition boundary is constructed to realize the reasonable energy control. The case analysis
and experimental results show that the average daily cost of HESD is 54.65%, which is lower than single energy
storage system. The energy saving efficiency of HESD is 15.2%, and this is higher than using only the supercapacitor,
which improves the economy and energy saving efficiency of the elevator.
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1. Introduction
Nowadays, elevators are commonly used to
transport people in buildings and consume a high
proportion of electricity. Especially in mid-rise and highrise residential buildings, elevators consume bulk of
energy, which is about 50 % [1]. Thus, it is important to
improve the energy efficiency of elevators.
At present, there are mainly two ways to save energy
in elevators. One method is recycling the regenerative
energy to the grid. By utilizing elevators' operation
characteristics and weight difference between cabin
and counterweight, the elevator gravitational potential
energy can be transformed into electrical energy and
then fed back into grid [2-4]. However, there are some
repercussions in the grid-connection of regenerative
energy [5-7].
The other method is DC energy storage, which
mounts the energy storage device (ESD) on the DC bus
through a bidirectional DC/DC converter to realize the
storage and utilization of the elevator energy [8-10]. An
elevator regeneration energy saving strategy based on
batteries was proposed in [9]. With the rise of
supercapacitor technology, the application of
supercapacitor energy storage of elevator has become
an emerging topic in research [10-12]. In [10], a
supercapacitor-based energy management method is

designed by adjusting the elevator cabin speed. In [11],
a fuzzy logic controller was proposed to control the
power flow of supply and the supercapacitor of
elevator. In [12], a multichannel buck-boost converter
was used to develop a supercapacitor based energy
storage system, which reduces elevator’s energy
consumption and provides passenger rescue services.
In recent years, the hybrid energy storage device
(HESD) based on supercapacitor and battery has been
applied to many fields, such as renewable energy,
power system, electric vehicle and electric boat [1316]. The supercapacitor has the advantages of long life,
fast dynamic response and high power density [14, 17,
18], and the battery has higher energy density [19, 20].
The HESD combines the supercapacitor and battery
together and makes use of their complementary
advantages [14]. However, there are not many reports
on the HESD application in elevators.
In this paper, we take the elevator HESD based on
supercapacitor and battery as the research object and
establish the capacity allocation method with the
minimum daily average cost as the objective function to
improve the economy of the HESD. Also, the energy
control state machine of the HESD is established by
utilizing the complementary characteristics of the
supercapacitor and the battery, which realize the
reasonable energy control and improve the energy
saving efficiency.
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2. Hybrid Energy Storage Device of Elevator
The structure of elevator HESD is shown in Figure 1.
The HESD is composed of a supercapacitor, a battery,
and two bidirectional DC/DC converters. This structure
fully utilizes the complementary characteristics of the
supercapacitor and battery. The supercapacitor has high
power density and low energy density. Whereas, the
battery has low power density and high energy density.
The supercapacitor and the battery are both connected
to the DC bus of the elevator inverter through the
bidirectional DC/DC converters. With this arrangement,
energy regenerated by the elevator is absorbed by
supercapacitor and some part of it can be provided to
the elevator. In this way, the energy saving efficiency of
the elevator is improved.

coefficients of supercapacitor and battery respectively;
CP, DC are unit power cost of DC/DC converter; PDC1 and
PDC2 are the rated transmission power values of DC/DC
converter #1 and DC/DC converter #2 respectively;
Tday,sc, Tday,bat, Tday,DC are respectively the life of
supercapacitor, battery and converter.
3.2 Energy storage device life
The life of supercapacitor is generally more than
10 years, and its cycle life is as high as 0.5 to 1 million
times. The life of the bidirectional DC/DC converter
is mainly affected by thermal mechanical stress, and
its cycle life can generally reach 1 million times.
Therefore, Tday,sc and Tday,DC are both set to 10 years
in this paper.
Compared to supercapacitor and bidirectional
DC/DC converter, the life of battery is short. In this
paper, we analyse the life of battery based on the
impact of depth of discharge (DoD). It is known that
the life of lead-acid battery used in this paper is as
shown in the following equation:
𝑇𝑏𝑐 (𝑑) = −3278𝑑 4 − 5𝑑 3 + 12823𝑑2 − 14122𝑑
+ 5112

Figure 1. HESD of elevator

3. Capacity Allocation
In order to reduce the cost of the HESD, a capacity
allocation optimization model of the HESD is established
in this section. With the minimum daily average cost as
the objective function, the capacities of the battery and
the supercapacitor are reasonably allocated.
3.1 Objective function
The capacity allocation optimization model of the
HESD’s objective function is established as follow:
𝐶𝑐𝑜𝑠𝑡 = min(𝐶𝑆𝐶 + 𝐶𝑏𝑎𝑡 + 𝐶𝐷𝐶1 + 𝐶𝐷𝐶2 )

(1)

where Csc, Cbat, CDC1, CDC2, Ccost represent the daily
average costs of supercapacitor, battery, DC/DC
converter #1, DC/DC converter #2 and total cost
respectively.
The daily average costs include initial costs and
maintenance costs, which can be represented as follow:
𝐶𝐸,𝑠𝑐 𝐸𝑠𝑐 (1 + 𝜆𝑠𝑐 )
𝑇𝑑𝑎𝑦,𝑠𝑐
𝐶𝐸,𝑏𝑎𝑡 𝐸𝑏𝑎𝑡 (1 + 𝜆𝑏𝑎𝑡 )
=
𝑇𝑑𝑎𝑦,𝑏𝑎𝑡
𝐶𝑃,𝐷𝐶 𝑃𝐷𝐶1
𝐶𝐷𝐶1 =
𝑇𝑑𝑎𝑦,𝐷𝐶
𝐶𝑃,𝐷𝐶 𝑃𝐷𝐶2
𝐶𝐷𝐶2 =
𝑇𝑑𝑎𝑦,𝐷𝐶

𝐶𝑠𝑐 =
𝐶𝑏𝑎𝑡

{

(2)

where CE,sc, CE,bat are the unit capacity costs of
supercapacitor and battery respectively; Esc and Ebat are
the rated capacities of supercapacitor and battery
respectively; λsc and λbat are the maintenance cost

(3)

where d is the battery’s depth of discharge.
Due to the irregularity of the elevator operation,
the DoD of the battery is constantly changing.
Therefore, we use rain flow counting method to
obtain the number of charge and discharge cycles and
the corresponding DoD of the battery in one day [21,
22]. And the battery life loss per day can be obtained
by using the following equation:
𝑚

𝐿𝑙𝑜𝑠𝑠,𝑏𝑎𝑡 = ∑
𝑖=1

𝑁𝑏𝑐 (𝑑𝑖 )
𝑇𝑏𝑐 (𝑑𝑖 )

(4)

where m is the number of different DoD obtained by
the rain flow counting method, Nbc(di) indicates the
number of times the DoD is di, Tbc(di) represents the
life when the DoD is di.
Therefore, the life of the battery is:
𝑇𝑑𝑎𝑦,𝑏𝑎𝑡 =

1
𝐿𝑙𝑜𝑠𝑠,𝑏𝑎𝑡

(5)

3.3 Constraints
To allocate the capacity of HESD, the following
constraints should be considered:
−
Energy conservation: The sum of battery and
supercapacitor’s power should be the same as
the elevator’s power shortage.
−
SOC constraint: In order to prevent over
charging or over discharging of the HESD and
prolonging the service life, it is necessary to
set the upper and lower limits of the SOC of
battery and supercapacitor. Besides, it is also
necessary to consider the cooperation problem
between the bidirectional DC/DC converter
and the energy storage system when setting
the SOC range value.
−
Power contraint: The input and output power
of the battery and supercapacitor should not
be greater than the rated power of its own and
bidirectional DC/DC converter.
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Hence, the constraints can be written as:
𝑃𝑏𝑎𝑡 (𝑡) + 𝑃𝑆𝐶 (𝑡) = 𝑃𝑒𝑙𝑒 (𝑡)
𝑆𝑂𝐶𝑆𝐶_𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶𝑆𝐶 (𝑡) ≤ 𝑆𝑂𝐶𝑆𝐶_𝑚𝑎𝑥
𝑆𝑂𝐶𝑏𝑎𝑡_𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶𝑏𝑎𝑡 (𝑡) ≤ 𝑆𝑂𝐶𝑏𝑎𝑡_𝑚𝑎𝑥
−𝑃𝑆𝐶 ≤ 𝑃𝑆𝐶 (𝑡) ≤ 𝑃𝑆𝐶
{
−𝑃𝑏𝑎𝑡 ≤ 𝑃𝑏𝑎𝑡 (𝑡) ≤ 𝑃𝑏𝑎𝑡

(6)

where Psc(t), Pbat(t) and Pele(t) are the powers of
supercapacitor, battery and elevator respectively, Psc,
Pbat and PDC are the rated powers of supercapacitor,
battery and DC/DC converter respectively.
4. Energy Control
To utilize the elevator’s regenerative energy, the
energy flow of the HESD should be controlled properly.
Because of the large power density and rapid
response, supercapacitor is prior used to charge and
discharge. Because of the characteristics of high energy
density, the battery is used to compensate for the lack
of charge and discharge energy.
Assume that the supercapacitor's SOC upper limit is
SOCsc_up, the lower limit is SOCsc_down, the DC bus voltage
is udc, the DC bus voltage fluctuation upper limit is
udc_max, and the DC bus voltage fluctuation lower limit is
udc_min. According to the SOC values, we partition the
operation areas of supercapacitor and battery, as shown
in Figure 2.

a. supercapacitor

b. battery
Figure 2. SOC partition of HESD

Also, we propose the HESD’s energy control state
machine, which is shown in Figure 3.

Figure 3. State machine of HESD’s energy control

It can be seen from Figure 2 and Figure 3 that the
HESD’s energy control is mainly composed of charge and
discharge states.
- Charge state: The elevator is in the state of power
generation when falling in heavy load or rising in light
load. The regenerative energy is fed back to the DC bus,
causing udc to rise. In this state, the regenerative energy
should be absorbed by the HESD. When udc exceeds
udc_max, the bidirectional DC/DC converter 1 charges the
supercapacitor to stabilize the udc and the SOCsc
gradually rises. If SOCsc reaches SOCsc_up and udc is still
greater than udc_max, that is, the elevator is still in the
power generation state, the bidirectional DC/DC
converter 2 charges the battery and the SOCbat gradually
rises. If udc is still greater than udc_max after SOCsc reaches
SOCsc_max or SOCbat reaches SOCbat_max, which means that
the regenerative energy exceeds the energy recovery
capability of the supercapacitor or battery, the
bidirectional DC/DC converter 1 or the bidirectional
DC/DC converter 2 should stop working to prevent over
charge.
- Discharge state: The elevator is in the power
consumption state when rising in heavy load or falling in
light load, causing the udc to drop. In this state, the HESD
should compensate for the lack of energy. When udc is
less than udc_min, the supercapacitor discharges to the DC
bus through the bidirectional DC/DC converter 1 to
stabilize the udc and the SOCsc gradually decreases. If
SOCsc reaches SOCsc_down and udc is still less than udc_min,
that is, the elevator is still in the power consumption
state, the battery is discharged to the DC bus through
the bidirectional DC/DC converter 2 and the SOCbat
gradually decreases. If udc is still less than udc_min after
SOCsc reaches SOCsc_min or SOCbat reaches SOCbat_min, then
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bidirectional DC/DC converter 1 or bidirectional DC/DC
converter 2 should stop working to prevent over
discharge.
5. Case Study
In this section, a case study is conducted to verify
the HESD’s capacity allocation optimization model.
5.1 Parameters
The major parameters of elevator in this case is
shown in Table 1.

without load and falls in the heaviest load in one cycle.
The HESD is composed of a lead-acid battery, a
supercapacitor and two bidirectional DC/DC converters,
whose unit prices are listed in Table 3.
Table 3. Prices of HESD components
Time

Price of power
(CNY/kW)

Battery
Supercapacitor
DC/DC

500

Price of
capacity (CNY
/kWh)
800
27000
-

Maintenance
price (CNY
/kWh2)
0.05
0.05
-

Table 1. Major parameters of the elevator
Parameter
Number of floors
Height/m
Balance factor
Rated load/kg
Rated power/kW

Value
15
60
0.5
1000
13.6

According to the single-day elevator traffic curve of
a building [23], it can be seen that the traffic flow into
the hallway peaks in the morning and at noon, and
conversely, the traffic flow out of the hallway peaks at
noon and night. Thus, it can be considered that a lot of
heavy load rise operations and light load fall operations
occur during 7:00-8:00 and 12:30-13:00. A large number
of heavy load fall and light load rise operations occur
during 11:30-12:00 and 17:00-18:00. And at other times,
the elevator basically operates in light load condition.
Therefore, the operating conditions of the elevator can
be estimated in this case study, which are shown in
Table 2.

5.2 Results and analysis
To meet the power constraint, the rated power of
the supercapacitor should be greater than the rated
power of the elevator traction machine with a certain
margin. And the rated power of the battery should be
greater than the maximum regenerative power of the
elevator traction machine with a certain margin. Thus,
the rated powers of the supercapacitor and the battery
are set to 16 kW and 8 kW respectively.
To meet the SOC constraint and recover all the
regenerative energy at night peak, the total capacity of
the super capacitor and battery need to be greater than
2.5 kWh.
Since the energy density of the battery is large, its
capacity is set to 2.5 kWh. Taking the supercapacitor’s
capacity as a variable and combining the constraints,
the optimization of minimum daily average cost is
performed. And the daily average cost curve is shown in
Figure 4.

Table 2. Elevator operating conditions
Time
7:00-8:00
11:30-12:00
12:30-13:00
17:00-18:00
Other

Heavy load rise /light
load fall (times)
15
0
10
0
50

Heavy load fall /light
load rise (times)
0
10
0
15
50

In one elevator operation cycle(fall and rise), the
energy recovered by the HESD is mainly the change
value of the potential energy. When the elevator's rising
distance is h, the change value of potential energy is:
𝑊 = (𝑀 + 𝑚1 − 𝑚2 )𝑔ℎ

(7)

where M is the elevator’s load weight, m1 is the
elevator’s cabin weight, m2 is the elevator’s
counterweight.
If W>0, the elevator’s traction machine is in the
power consumption state. If W<0, the elevator’s
traction machine is in the power generation state. The
difference between m1 and m2 can be derived from the
balance factor and the elevator’s rated load, which is:
𝑚1 − 𝑚2 = −𝑘𝑚𝑁

(8)

where k is the balance factor and mN is the rated load.
According to the parameters of the elevator and
traction machine in this case, W equals to 83 Wh if the
elevator rises in the heaviest load and falls without load
in one cycle, and W equals to -83 Wh if the elevator rises

Figure 4. Daily average cost changing curve

As can be seen from Figure 4, the battery’s average
daily cost decreases as the capacity of the
supercapacitor increases. If the supercapacitor’s
capacity exceeds 200 Wh, the daily average cost of the
battery decreases at a slower rate. The total daily
average cost of the hybrid energy storage system
reaches a minimum when the supercapacitor’s capacity
is around 250 Wh, which is 12.58 RMB.
The life and average daily cost of HESD with
optimized capacity allocation and the system using only
battery or supercapacitor are shown in Table 4.
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Table 4. Optimization results
Parameter
Rated power/kW
Rated
capacity/kWh
Life/year
Average daily
cost/yuan

Battery

Supercapacitor

HESD
SuperBattery
capacitor
8
16

16

16

2.5

2.5

2.5

0.24

10

1.29

27.74

23.68

0.25
10
12.58

Among them, the rated power and rated capacity of
the energy storage system using only battery and
supercapacitor are set to 16 kW and 2.5 kWh,
respectively.
It can be seen from Table 4 that when only the
battery is used, the cycle life is greatly reduced due to
frequent charging and discharging of the battery. And
the battery can only be used for 0.24 years, resulting in
a great increase in the average daily cost of ESD. When
only the supercapacitor is used, the daily average cost
is still high due to the high unit price of the
supercapacitor. When both battery and supercapacitor
are used, the battery ensures the energy’s storage and
utilization because of its advantages of high energy
density while the supercapacitor withstands the losses
of frequent charging and discharging. These
complementary characteristics improve the life of the
battery and reduce the average cost of the ESD by
54.65%, which greatly improves the economy of the ESD.

Figure 6. Elevator traction machine

In the case of no load, we compare the energy
consumptions in the conditions of using no ESD,
supercapacitor and HESD.
The grid side voltage and current are measured, and
the power consumptions of the elevator in three cases
are calculated, and results are shown as Figure 7.

6. Experiment
In order to compare the practical application effects
of different types of elevator ESDs, the prototype is
designed for experimental verification.
The HESD is shown in Figure 5.

Figure 7. Power consumptions of no ESD, supercapacitor and
HESD

Figure 5. Hybrid energy storage device

For the supercapacitor, the capacity is 40 F and the
rated voltage is 196 V. For lead-acid battery, the
capacity is 17 Ah and the rated voltage is 196 V. The
rated powers of supercapacitor’s and battery’s
bidirectional DC/DC converter are 16 kW and 8 kW,
respectively. The major parameters of the experimental
elevator are the same as mentioned in Table 1 and the
floor number of building for experiment is 2. The
experimental elevator traction machine is shown in
Figure 6.

It can be seen from Figure 7 that, at the beginning,
the elevator falls and consumes energy. The maximum
power provided by the grid is about 12 kW if no ESD is
used, while the power is about 8 kW if HESD or
supercapacitor is used. And then the elevator rises, and
the powers provided by the gird are about 1 kW in all
three conditions. However, in the condition of using
supercapacitor and HESD, the energy regenerated by
the elevator is saved by supercapacitor and HESD
instead of being consumed by braking resistor.
Under different load conditions, the energy
consumptions of the three cases are respectively
measured. The total energy consumptions are also
calculated. And the results are shown in Table 5.
Table 5. Energy consumption of elevator
Load
0%

ESD
No
Supercapacitor
HESD

Energy
Energy saving
consumption
efficiency (%)
(Wh)
21.87
15.57
28.8
15.37
29.7
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Load
25%

50%

75%

100%

Total

ESD
No
Supercapacitor
HESD
No
Supercapacitor
HESD
No
Supercapacitor
HESD
No
Supercapacitor
HESD
No
Supercapacitor
HESD

Energy
Energy saving
consumption
efficiency (%)
(Wh)
14.14
12.34
12.8
12.16
14.0
11.71
11.37
2.8
11.52
1.6
19.81
15.66
21.0
14.62
26.2
25.27
19.48
22.9
17.97
28.9
92.80
74.43
19.8
71.64
22.8

It can be seen from Table 5 that the energy saving
efficiency of the elevator using HESD reaches 22.8 %.
Compared with the elevator using only the
supercapacitor, the energy saving effect is improved by
15.2 %, which means that the HESD has better energy
saving efficiency.
7. Conclusion
Taking the elevator HESD based on supercapacitor
and battery as the research object, this paper has
proposed a capacity allocation method and an energy
control strategy of the HESD. By analysing the cost of
the components and calculating the battery’s life using
the rain flow counting method, a capacity allocation
scheme of HESD with the minimum daily average cost as
the objective function is established. Utilizing the
complementary characteristics of supercapacitor and
battery, the SOC of the HESD is partitioned and the state
transition boundary is set according to the SOC and DC
bus voltage variation. Based on this, the energy control
state machine of HESD is constructed, which realizes the
reasonable control of HESD’s energy. The analysis and
experiment are conducted to verify the proposed
method. The results show that the average energy cost
of HESD is reduced by 54.65 %, and the energy saving
efficiency of the elevator using HESD is increased by
15.2 % compared with the elevator using only the
supercapacitor. Thus, the economy and energy saving
efficiency of the elevator are greatly improved.
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