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Abstract

In smart buildings, measures are being taken to conserve
energy without degradation in performance. Elevators are
an integral part of many smart, high-rise buildings. To
achieve notable energy savings in elevator systems, the au-
thors of this study experimentally tested an algorithm that
was developed earlier. Simulation results from an analytical
model running the algorithm were encouraging. An elevator
controller is capable of saving energy by manipulating ele-
vator speed during operation. Speed is varied based on the
difference between load carried and the counterweight. A
miniature elevator model was used to carry out the experi-
ments and to collect energy data. The algorithm was tested
on both pre-determined and random traffic patterns. Voltage
and current samples were collected from the miniature ele-
vator model. The final energy consumption of the proposed
variable-speed system was calculated and compared with
energy data of a constant-speed system. This proposed
method resulted in a 3.715% energy savings for pre-
determined traffic pattern and 8.7612% energy savings for
random traffic patterns.

Introduction

Recently, energy savings in electrical systems is being
explored as one of the prime factors in sustainable develop-
ment. The use of elevator systems has increased rapidly in
urban areas with the growing population. A study of the
number of elevators employed in several countries [1] found
that Italy had the highest number. In general, any effort to-
wards reducing energy consumption tends to degrade the
performance of the system. Thus, there is a necessity to op-
timize performance and energy with an ideal trade-off. One
type of elevator is the traction elevator that has become
widely prevalent in recent years. In such systems, the car is
suspended by ropes wrapped around a sheave that is driven
by an electric motor. A counterweight that equals the mass
of the car plus 45% to 50% of the rated load is used to bal-
ance the weight of the car. The counterweight is used to
ensure that a constant potential energy is maintained in the
system [2].

Traction elevators are of two types: 1) geared lifts, typi-
cally used in midrise applications, where high speed is not

an important factor and a reduction gear is utilized to reduce
the speed of the motor; and, 2) gearless lifts, used in high-
rise applications, where the sheave is driven directly by the
motor eliminating the losses in the gear. In such a case, both
motor and sheave rotate at the same speed [2]. The purpose
of the counterweight is to maintain sufficient tension in the
suspension system. This ensures adequate traction between
ropes and drive sheave. The counterweight also maintains a
near-constant potential energy level in the whole system,
heavily reducing energy consumption [2].

Significant development has been achieved in optimizing
elevator controllers in terms of energy efficiency and reduc-
ing average waiting and transit time. This involves imple-
mentation of artificial intelligence and fuzzy logic in con-
trollers to optimize the service parameters. In this study, the
authors dealt with experimental speed manipulation of the
elevator, based on load to achieve energy savings and con-
sidering its traffic intensity. A trade-off between speed and
load torque was proposed, such that their product was con-
stant. This paper includes experimental verification of the
proposed idea using a miniature elevator model.

Related Work

Recently, many ideas have been proposed for energy sav-
ings in elevator systems. Following is a summary of
achievements in single-elevator systems. Effective energy
savings can be made through various means such as regen-
erative energy feedback and loss reduction in order to obtain
optimum utilization of energy. Effective energy savings can
also be made through energy storage and discharge using
capacitors [3] as well as speed manipulation, as considered
in this study. A study proved that, for a prolonged duration,
a traffic pattern exists that repeats day to day in multi-
storied buildings [4]. Based on this fact, a simulation meth-
od was developed to analyze the energy consumption of
elevators under varying load and traffic patterns. This meth-
od was employed to compare energy savings of various
drive systems and machinery as well as control systems.
This work provided an initial base for the current research
on energy consumption of elevator systems. Furthermore,
efforts have been reported attempting to reduce waiting and
transit time of the elevators. Current research implemented
artificial intelligence (AI) and neural networks in elevator
group control systems. This involved assigning the elevator
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cart based on their demand at that instant of time. In these
efforts, elevators underwent a period of training with a defi-
nite traffic pattern corresponding to the building. This has
eased the process of prioritizing the floors based on the re-
quirement during up-peak and down-peak hours of the day.
Energy consumption was reduced, even in optimal assign-
ment of an empty cart, based on the need of the hour [5, 6].

Energy conservation can also be made more effective in
elevator group systems with intelligent algorithms. These
algorithms control all of the lifts in the system, ensuring
optimal assignment of each cage to a particular floor [7].
This effort resulted in saving energy by reducing the aver-
age number of stops from 1600 to 1400 for a traffic pattern.
One recent study involved development of an ant colony
algorithm in elevators towards energy conservation during
peak traffic flow [8].

There were attempts to strike a balance between energy
savings and performance. A recent study reported develop-
ment of a genetic algorithm towards energy savings in ele-
vators [9]. The algorithm was 23.6% effective in energy
conservation. However, the authors reported increased wait-
ing time and service time by 64.9% and 39.5%, respective-
ly. This reveals that energy savings beyond a particular limit
may degrade the performance of the elevator. As such, the
aim is towards energy savings that does not affect the per-
formance of the system significantly. A study with such
simulations was reported [10-12] that used traffic patterns
from several other studies [13-15]. Simulation results
showed a trade-off between energy savings and travel time.
Authors of this current study considered energy conserva-
tion in traction elevators driven by electric motors. Normal-
ly, traction elevators move at a constant speed, irrespective
of the load it carries. This leads to inefficient use of energy.
Adjustment of speed based on load is needed for more ener-
gy-efficient operation [12].

The Proposed Algorithm, Analytical
Model, and Simulation Results

The authors of this study considered energy conservation
in traction elevators. With this focus, speed of the elevator
was varied, considering the load carried by the elevator cart.
In determining the load, the authors considered the counter-
weight of the elevator and also measured the travel time to
estimate its overall performance.

The initial idea was proposed as follows:

1. To achieve maximum possible efficiency, operate the
motor at its rated full-load power.

2. To maintain this efficiency, vary the steady speed of
the elevator, based on the weight carried, such that
the motor operates closer to its rated full-load power
[14].

Elevator motor rating, R, is related to its out-of-balance
load, B, its rated linear speed, v, and its efficiency, ¢, as
shown in Equation (1) [15]:

R=9.81 (B v)/(¢) (1)

Thus, any change in out-of-balance load gets adjusted by
a subsequent variation in the speed of the elevator in order
to maintain a fixed efficiency.

3. The upper limit on speed is decided by the following
relationship, taking passenger comfort into considera-
tion.

TimeConstant >= 4TimeAccDecel

which is termed as the time-constraint equation. In this
equation, TimeConstant is the time the elevator runs at a
constant speed, and TimeAccDecel is the time for accelera-
tion or deceleration. The upper limit on speed is found by
dividing the distance to travel by the TimeConstant.

This proposed algorithm is referred to as variable-speed
algorithm in later parts of this paper. In this algorithm, the
lower limit for the elevator speed is the speed at which the
elevator would run if the variable-speed algorithm were not
applied. Figure 1 shows the diagram representing the trac-
tion system considered in the simulation [13]. The maxi-
mum load on the elevator was 400 kg with a counter weight
of 300 kg. Ty is the motor torque (in N-m), v is the speed of
the elevator (in m/s), and r is the radius of the pulley (in m).
Equations (2)-(7) represent various relationships used to
calculate the energy [13].

I r

Motor Pulley

N

7 N
Cart with load Counterweight

Figure 1. Schematic Representation of the Elevator System
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LT = (Mu + Mv — Mc)gr 2)

where, LT is the load torque (in N-m) about the center of
the motor shaft; Mu is the mass of the load; Mv is the mass
of the elevator cart; Mc is the mass of the counterweight;
and g is the gravity.

v = linear velocity = 2ar rps 3)

QM = angular velocity = 2w 1ps @)

QOM, Angular velocity (in radians/second) =v /r (5)
0 = Angular displacement = QM travel time 6)
E = Energy = TL * QM @)

The following three algorithms were simulated under
multiple traffic patterns, and the simulation results were
tabulated and compared.

1. Constant-speed case: elevator running at a constant
speed of 1m/s. This was used as the reference for
comparison of energy consumption and travel time.

2. Speed variation I. elevator changing its speed based
on load but with a fixed acceleration.

3. Speed variation II:  elevator changing its speed
based on the load as well as changing acceleration
based on the number of levels moved. (a modified
version of speed variation I).

Figure 2 show the basic operation of a constant-speed
elevator system. According to the calls, the elevator control-
ler determines the direction of movement and satisfies the
calls, based on a fixed priority (floors along the direction of
movement are given priority). Figure 3 shows the modified
version of the algorithm. This algorithm uses the “load on
the elevator” to determine the speed of movement and the
“number of floors to move” to determine acceleration. The
elevator then satisfies the calls similar to the constant-speed
case. Figure 3 shows how the calls are satisfied in a five-
floor building using this algorithm.

Case 1: Consider the elevator of Figure 1 running in a 10-
level building during peak-hour traffic. The three algorithms
were simulated. Table 1 shows the simulation results of all
the algorithms over the same traffic intensity (peak hour).

This table also shows that the Speed variation II algorithm
reduces both energy consumption and travel time, as com-
pared to the constant-speed type. Hence, energy savings are
achievable at a reduced travel time for peak-hour traffic
patterns using speed variation 11.

| Feed input traffic pattern |

l

Is any call
detected?

Stay idle

Determine the direction of movement

!

Update the weight on the elevator

I

Determine the number of floors to move

]

| Satisfy the call |

Elevator controller

Figure 2. Flow Diagram Elaborating the Algorithm of the

Constant-Speed Case

| Feed input traffic pattern |

1

No
Is any call

detected?

Determine the direction of movement

l

Update the weight on the elevator

!

Determine the number of floors to move

l

Calculate the desired speed and
acceleration for movement

|

| Satisfy the call |

Elevator controller

Figure 3. Flow Diagram Elaborating the Algorithm of the
Modified Version
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Table 1. Simulation Results for 10-Floor Peak-Hour Traffic

Case 3: Consider an additional case of an elevator with a
maximum load 400 kg, running in a 20-level building using
a non-peak-hour traffic pattern. Table 3 shows the simula-
tion results of all the algorithms over the same traffic inten-
sity (non-peak-hour).

Table 3. Simulation Results for 20-Floor Non-Peak-Hour
Traffic

Constant Speed Speed

Speed Variation | Variation I1
Consumption 3 3 3
(KJ) 3.45x 10 3.65x 10 327x 10
Losses
(KJ) 388.83 360.98 394.22
Regeneration 3 3 3
(KJ) -2.88x 10 -2.92x 10 -2.81x 10
Equivalent energy

570.1 732.1 465
()
Totalraveltime | 45 100 | 421x10° | 4.39x10°
) . . .
Efficiency
%) 88.72 90.10 87.96

Case 2: Consider the same elevator with a maximum load of
400 kg, running in a 10-level building during non-peak-hour
traffic. The three algorithms were simulated. Table 2 shows
the simulation results of all the algorithms over the same
traffic intensity (non-peak-hour).

Table 2. Simulation Results for 10-Floor Non-Peak-Hour
Traffic

Constant Speed Speed
Speed Variation [ Variation 11
Consumption
(KJ) 6.01 x 10° 5.99 x 10° 5.27x 10°
Losses 552.17 41891 405.86
D) ) ) )
Regeneration 3 3 3
-4.73x 10 -4.84x10 -4.71x 10
(KJ)
Equivalent energy
(kJ) 1.28 x 10° 1.14x 10° 0.56 x 10°
Total travel time
(s) 7.29 x 10° 5.86 x 10° 5.96x 10°
Efficiency
%) 90.78 93.00 91.90

Constant Speed Speed
Speed Variation [ Variation 11
Consumption 3 3 3
4.19x 10 3.96x 10 3.68x 10
(KJ)
Losses
(KJ) 400.62 337.83 365.00
Regeneration 3 3 3
-3.21x 10 -3.79 x 10 -3.17x 10
(KJ)
Equivalentenergy | g 99 103 | 0.18x10° | 0.50x 10°
(kJ)
(TS‘)’tal raveltime | 557, 10° | 488x10° | 49761 x 10°
Efficiency
%) 90.44 91.46 90.04

For the speed variation II algorithm, both energy con-
sumption and travel time were reduced significantly, when
compared to the constant-speed type. Hence, energy savings
are achievable at a reduced travel time for non-peak hour
traffic pattern using speed variation 1.

From Table 3, it is clear that the speed variation II algo-
rithm consumed less energy than the other three for a fixed
traffic pattern, irrespective of the number of floors in the
building. Similar results were obtained from the simulation
of a 5-floor building. Thus, from the analyses, the speed
variation II algorithm produced significant energy savings
in both peak and non-peak hours of traffic intensity. Addi-
tionally the travel time of the elevator was reduced, thereby
enhancing its overall performance.

Miniature Model Implementation

The model system was built for a 5-floor building. It was
made up of plywood with open front and back. The motor
was mounted on top of the ceiling and the motor shaft was
attached to a gear. A chain rotated over this gear as well as
two other gears. The chain held the elevator cart on one end
and the counter weight on the other. With the rotation of the
motor shaft, the chain enabled the cart and the counter-
weight to move linearly along the vertical axis. Figure 4
shows how the motor was driven by a motor driver, which
was also mounted on the ceiling next to the motor. The
three-phase induction motor used for this project was driven
by driver hardware. The driver was capable of changing the
speed of the motor and reading the voltage and current of
the motor. The driver could accept commands for motor
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speed from a host via a serial communication interface. The
driver could also send the voltage and current readings of
the motor to the host over the same interface. The host was
a microcontroller-based system that ran embedded software
specifically written for the purpose of running the elevator
in single-speed or variable-speed modes of operation.

Figure 4. The Miniature Model Elevator

The embedded software written for the microcontroller
was intended to run the elevator motor at a desired speed.
The software was required to read the motor current and
voltage and convert the data into appropriate units in order
to estimate the energy consumption. The software received
its input commands from switches that told it to choose ei-
ther a single-speed or a variable-speed system. For a varia-
ble-speed system, the weight applied to the elevator cart
was read by the software. Based on this information, the
software chose the appropriate speed for the elevator motor
(as well as the corresponding frequency for the motor driv-
er) from a look-up table. The software then sent the required
command frame to the motor driver. Once the motor started
moving, the driver collected motor voltage and current sam-
ples as well as sent the samples to the microcontroller soft-
ware. When the elevator completed a predetermined motion,
the microcontroller software uploaded the data to a PC run-
ning LabView. The data were stored in a spreadsheet for
calculating energy consumption of the elevator.

Analysis and Experimental Results from
the Miniature Model

It was decided to collect the motor voltage and current
every 100 ms during elevator operation in order to calculate
energy consumption. The motor was a three-phase induction

motor [16] connected in a Y (wye) configuration. The motor
driver manual enlisted the following: phase voltage = Vp
(V); phase current = Ip (mA); time difference (sample inter-
val) =t (0.1s, constant); and, motor power factor = PF (0.55
constant). As such, the formulas to be used for exact energy
calculation are given here as Equations (8)-(10):

Line voltage Vi (V) =1.73 « Vp (8)
Line current I} (A) =1Ip/ 1000 9)

Power P (W) =1.73 ¢V ¢ I « PF
=1.73+1.73«Vp IL*PF (10)
=3 VpeI_*PF

where, V| is line voltage; I is line current; and, P is power.

In order to convert W to kw and s to hr, use energy
(kW « hr) = power / (1000) « (t/60%). Total energy per trip
equals the sum of all energy measurements made during the
trip. The overall energy equals the sum of the total energy
per trip during a complete traffic pattern. And, as PF was
constant, VeI, gave an approximation of the energy con-
sumed, which was assumed to be the case here. Energy data
were collected automatically by the control hardware and
the software. The elevator was run in both single-speed and
variable-speed modes with different weights on the elevator
cart. For each trip (start to stop), voltage and current sam-
ples were collected by the motor driver. Sampling was car-
ried out at 100-ms intervals. The trips were designated as
Ty, where x represented the starting floor and y represented
the ending floor. The data table, Table 4, was created by
LabView from the collected data items for each trip.

Table 4. Data Items Collected from the Model

Speed Weight . Number of Number of
Trip voltage current
system (Ibs)
samples samples
Single 10 T, 120 120
Variable 30 Ts 80 80

From these tables, the averages of the voltage and current
samples for each trip were calculated with a particular
weight on the elevator cart. The average values for voltage
and current were multiplied to obtain the power. When trips
Ty, (representing floor 1 to 2) and T, (representing floor 2
to 1) were combined, round trip T1,; was obtained. This was
called a one-level round trip. Other one-level round trips
were: Taz,, Ts43, and Tyss. Table 5 shows the power (in milli-
watts) consumed for each of these one-level round trips.
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Table S. Average Power Consumed (milliwatts) in Each
One-level Round Trip with Zero Pounds on the Cart

Speed Trips

System

Y Tin Tasn Ts43 Tysa Average
Single 2327 | 2323 | 2144 | 2326 | 2280
Speed

Variable | g9 9.80 8.75 8.63 9.26
Speed

Table 5 reveals a power, P, reduction of 59.36% in favor
of the variable-speed mode (for zero pounds on cart). Such
tables were created for all possible weights, ranging from 0
pounds to 80 pounds. By multiplying the average power by
the trip time, the energy (E = P t) consumed for that partic-
ular trip (in Joules) was obtained. This is shown in Table 6
for 0 pounds. Table 6 also shows an energy reduction of
18.73% in favor of the variable-speed mode.

Table 6. Average Trip-Energy (Joules) for a One-Level Round
Trip with Zero Pounds on the Cart

Energy Savings (%)

30.00

25.00

20.00 -

15.00 4

10.00 - M Energy Savings

-10.00

Figure 5. Energy Savings (%) for the Variable-Speed System
for Two-Level Round Trips (even weights)

Applied One-level round trips
. Speed System
Weight P Y Average
0 Pounds Single 54.72
on Cart Variable 44 .47

Similarly, additional tables were created with the energy
data of two different speed systems for all possible loads.
From such tables, and for all possible loads on the elevator
cart, an energy savings chart was created. Figure 5 shows
that (where the x-axis represents the load), a positive value
in energy savings represents less energy consumption under
the variable-speed algorithm, whereas a negative value rep-
resents more energy consumption using the same algorithm.
It can be concluded that significant energy savings is possi-
ble for 2-level round trips, when the load on the elevator
cart is 0, 10, 20, 70, or 80 pounds. Thus, it appears that, for
weights larger or smaller than the counterweight, energy
savings is significant. However, for weights that are closer
to the counterweight (out of balance load was almost zero),
there is little or no energy savings. For these loads, the
speed chosen was high and the energy consumed was signif-
icant under variable-speed operation.

Figures 6-8 present additional energy-savings data for
one-, two-, and three-level round trips, respectively, when
the load on the elevator cart was 5, 15, 25, 35, 45, 55, 65,
and 75 pounds (where the x-axis represents the load). Ob-
servation of these figures clearly reveals more instances of
energy savings when the elevator is operated under the vari-
able-speed algorithm.

Energy savings

20.00

15.00

® Energy savings

Figure 6. Energy Savings (%) for the Variable-Speed System
for One-Level Round Trips (odd weights)

Energy savings

18.00
16.00
14.00
12.00

10.00 +
8.00 - B Energy savings

6.00 -

4.00 -
2.00 -
0.00 -

5 15 25 35 45 55 65 75

Figure 7. Energy Savings (%) for the Variable-Speed System
for Two-Level Round Trips (odd weights)
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Energy savings

16.00

14.00
12.00 -

10.00 +

8.00 ]
m Energy savings

6.00 -

4.00 -

2.00 -

0.00
5 15 25 35 45 55 65 75

Table 8. Energy Comparison of Single Speed and Variable
Speed under Random Traffic Pattern 2

Figure 8. Energy Savings (%) for the Variable-Speed System
for Three-Level Round Trips (odd weights)

Synthesized Random-Traffic Energy Data
Analysis

The authors created a few random traffic patterns with
different sequences of round trips and weights. Energy data
were obtained for each single round trip and the added to
find the total energy for that pattern. Tables 7 and 8 show
two such patterns [15, 17]and the associated energy (in
Joules) for the two algorithms (single speed and variable
speed). For the first traffic pattern, about 18.48% of the en-
ergy was saved under the variable-speed algorithm. Howev-
er, in the second traffic pattern, there was a loss of energy
(4.95%) under the variable-speed algorithm.

Trips ?)532}61? AVer;gS;e for Aver\zj%e for
2 level trip 70 pounds 1105.24 991.73
3 level trip 0 pounds 1211.96 1407.13
4 level trip 50 pounds 2240.65 2390.01
1 level trip 20 pounds 54.93 52.13
TOTAL 4612.78 4841.00
Dift(”g/fsnce 495
Savings (%)
50.0000
40.0000
30.0000
20.0000 m Savings (%)
10.0000
0.0000 -
1 3 4 5 7 8 9

-10.0000

Figure 9. Energy Savings (%) for the Variable-Speed System

Table 7. Energy Comparison of Single Speed and Variable
Speed under Random Traffic Pattern 1

Trips z;;])epil;}el(ti Averggsge for Aver\eigée for
2 level trip 10 pounds 1130.64 946.31
4 level trip 0 pounds 2319.90 1855.93
3 level trip 80 pounds 1733.24 1413.59
1 level trip 60 pounds 54.12 54.31
TOTAL 5237.90 4270.15
leigg/tﬁnce 18.48

under Various Random Traffic Patterns

As such, it can be concluded that (in general) the variable
-speed operation provides energy savings in such random
traffic patterns. The average of these energy savings equaled
8.76%. These results support earlier findings of energy sav-
ings with pre-determined traffic (round trips) under the vari-
able-speed mode of elevator operation. Other studies [18-
20] were referenced during subsequent analyses. The aver-
age energy savings in variable speed for various round trips
with different loads was also computed. These round trips
were considered to be pre-determined traffic. Table 9 shows
the energy savings in percentage for various round trips.
The average of these energy savings was 3.72%.

Table 9. Average Energy Savings (%) for the Variable-Speed

The authors then created 10 such random traffic patterns.
Experiments with these 10 random patterns showed energy
savings in nine of the 10 under the variable-speed operation,
as shown in Figure 9 (where, the x-axis represents traffic
patterns). A positive value represents less energy consump-
tion under the variable-speed algorithm, whereas a negative
value represents more energy consumption under the same
algorithm.

System for Different Round Trips

1-Level 2-Level 3-Level 4-Level
Round trip Round trip Round trip Round trip
7.11 3.71 2.48 1.56
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When one compares the data of Figure 9 and the data of
Table 9, it appears that the energy savings is higher, in gen-
eral, for random traffic patterns (between 2% to 40% in Fig-
ure 9) than for pre-determined traffic patterns (between
1.5% and 7% in Table 8). This indicates that the variable-
speed operation, even with random traffic, is expected to
conserve energy. In an earlier study [15], it was shown by
simulation that the variable-speed operation of an elevator
yielded 5.06% energy savings under peak-hour traffic. The
experimental results of this current study from the miniature
elevator model support that conclusion. In fact, the average
energy savings under random traffic was 8.76% (from Fig-
ure 9) in variable-speed operation of the miniature elevator
model. This looks promising and should motivate us to un-
dertake further research in this direction.

Comparison of Simulation and
Implementation Results

In general, both the simulation and experimental results
showed that energy savings are possible in elevator opera-
tion under the variable-speed algorithm. The amount of en-
ergy savings obtained in simulation was slightly different
from the amount of energy savings obtained in the experi-
ment with the miniature model. One reason for this differ-
ence may have been the use of a different type of energy
form. In simulation, the mechanical energy of the elevator
system was considered, whereas in the actual experiment
electrical energy was measured. Also, the experimental
model was for a 5-floor building, whereas the simulation
model was for a 10-floor building. In addition, the actual
height of the elevator shaft and the actual weight carried
were scaled down in the miniature model with a ratio of
25:1. All of these factors may have led to some differences
between simulation and the experiment. Nonetheless, the
percentage of electrical energy savings measured in the ex-
periment was higher than the percentage of mechanical en-
ergy savings obtained in simulation.

Conclusions

Energy conservation in elevators has gained much im-
portance recently [18-20]. In this paper, the authors present-
ed an algorithm for elevator operation and its verification in
order to conserve energy. The focus was to prove earlier
simulation results by means of experiments. As such, a min-
iature elevator model was built for running the elevator in
both single-speed and variable-speed modes. Energy data
were collected from the model for various traffic patterns
(both pre-determined and random). Results showed that the
average energy savings under pre-determined traffic was
3.72% and under random traffic was 8.76% in the variable-

speed mode (as compared to the single-speed mode). This
supports the simulation results published earlier [14]. Possi-
ble future work would be to code peak-hour traffic into the
elevator controller and run this traffic under the two differ-
ent modes of operation. The energy data collected from the
model under such traffic would be analyzed and compared
to verify the effectiveness of the proposed mode of elevator
operation during peak traffic.
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