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Abstract: This paper presents the energy savings achieved by using a particular three-phase permanent-
magnet motor drive control strategy in an elevator application. The proposed control methodology,
based on a particular variable-amplitude variable-frequency voltage control pattern technique imple-
mented in a permanent-magnet motor, is compared to a standard induction motor elevator case. By
adopting appropriate simultaneous changes in the amplitude and frequency of the motor voltage,
high speeds can be attained in conjunction with smooth starting and stopping actions involving a
reduced supply current during the respective movement of the elevator. In addition, this method
exhibits a high power factor with a good driving quality. The control technique introduced achieves
the levelling-off of the floor and the group movement of the system using in the programmable
memory a speed pattern that is generated targeting proportionality to the position of the lift. In
that respect, significant energy savings can be obtained, which, depending on the type of motor
implemented, can be up to 30% compared to the conventional techniques. These improvements can
be attained with the appropriate handling of the applied pulse width modulation techniques. Various
simulated and experimental results are given, illustrating the respective energy savings achieved
with the proposed methodology.

Keywords: electric drive; elevator; energy savings; permanent-magnet motor; variable-voltage
variable-frequency; induction motor; sinusoidal pulse width modulation; counterweight

1. Introduction

Electromobility is a very considerably growing technology due to its promising advan-
tage of friendliness to the environment, expanding to a wide range of applications. Electric
motors are used in a multitude of research areas with impacts on many applications in
everyday life, such as electric vehicles and elevators [1,2].

Since elevators are intended for variable loading conditions and constitute very diverse
applications, it is feasible, in addition to the appropriate selection of a suitable electric
motor, to emphasize the motor-control strategy to be adopted, enabling the maximization
of the percentage of energy savings that can be achieved [3]. In general, such applications
use permanent-magnet motors to achieve a better performance, reaching efficiencies of up
to 99% in several cases, involving a low maintenance cost as well as reduced volume and
mass [4]. In the respective drive systems, there are different types of control techniques that
can be adopted. The simpler and more easily implemented is the scalar control technique,
targeting a specific steady-state operating point, while vector control methodologies enable
transient operation optimization at the expense of additional complexity and cost. Due to
the decoupled torque and flux connection, it operates just like a DC motor [5,6].
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As motor drive systems tend to dominate in elevator applications, enabling important
energy savings with respect to direct motor supply by the grid, the requirement of an
appropriate power electronics converter is usually referred to as a variable-voltage variable-
frequency (VVVF) inverter [7]. This control technique is used in simulations where greater
energy savings are required each time the load torque is reduced while controlling the
speed of the system [8].

Gradual control is one of the most popular strategies implemented in elevators due
to its simple and easy implementation presenting important advantages with respect
to a direct supply from the grid, especially in the medium- and higher-speed ranges.
This method achieves control of the speed of the electrical motor through appropriately
setting the ratio of the amplitude and the frequency of the supply voltage by conveniently
monitoring the current. This control technique can be used in variable-speed applications,
in particular when there are no special requirements regarding the dynamic response of
the system [9]. Moreover, one of the main advantages of this control method is that it can
be implemented without position sensors, but with restrictions to maintain the constant
load [10]. The control technique adopted in this paper is a particular gradual control
procedure based on a specific loading pattern.

2. Drive System Control

In order to achieve the drive system targets, shown in Figure 1, it is necessary to
introduce an adequate control type involving convenient regulators. The current-, speed-
and position-control procedures usually implement appropriate PI or PID controllers
with application-based parameter tuning, enabling the tracking of constantly updated
requirements of the driving system by means of convenient voltage-supply changes to the
motor by the inverter [11]. In order to study the overall system’s transient characteristics, it
is useful to analyze the specific steady-state target operating conditions in a first step and
then investigate the dynamic behavior of the various subsystems in a second step [12].
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Figure 1. Block diagram of the basic motion system.

3. Vector Control of PMSM

The efficient operation of permanent-magnet synchronous motors (PMSM) necessi-
tates the adoption of relatively demanding control techniques. Several different control
strategies have already been developed for driving electric motors depending on the partic-
ular motor type and required operating characteristics. Such techniques present relative
advantages and disadvantages, depending on the application considered [13]. Scalar
control procedures, which are relatively simple and easily implemented, developed for
induction motor drives, cannot be properly extended to permanent-magnet motor drives.
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Vector control strategies, in contrast, were developed initially in induction motor drive
cases for the efficient handling of transient operations at the expense of more complex
hardware and implementation and are convenient for synchronous permanent-magnet
drive applications, as can be seen from Figure 2a. Through these techniques, the stator
currents are controlled by using a representation through a convenient vector corresponding
to the resulting magneto-motive force in the air gap.
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In particular, the stator currents are decomposed into two principal components along
the direct (d) and quadrature (q) axes, respectively, through Park transformation in a
rotating frame with the speed of magnetic field rotation. The d-axis current component
is aligned with the rotor excitation in synchronous machines and controls the excitation
flux, while the d-axis component is aligned along a vertical axis to the excitation and
controls the electromagnetic torque of the motor, as shown in Figure 2b [14]. The main
advantages of the vector control techniques over the scalar (usually designated as v/f)
control techniques concern the transient operation and involve both motor efficiency and
improved torque response as well as better torque control and speed adjustment at low
speeds [15]. These advantages are of great importance in elevator applications and justify
the required complexity of vector control. More specifically, it is necessary to accurately
control the torque of the electrical motor, especially during landing of the car, as it can
cause a speed error causing inaccuracies in the landing level and endangering the safety of
the passengers. For the appropriate setting of the PI speed and current controllers use the
corresponding standard in Table 1.
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Table 1. Controller equations for the driving PMSM.

Types of Controllers Symbols Equations

Current along d-axis (P) Kpd acLd
Current along d-axis (I) Kid ac

2Ld
Current along q-axis (P) Kpq acLq
Current along q-axis (I) Kiq ac

2Lq
Current controller bandwidth ac ≤0.04 ws

Analog speed controller gain (P) Kps asJ 4
3Ppm

Integral speed controller gain (I) Kis asB 4
3Ppm

Speed controller bandwidth as ≤0.1 wc

4. Structure of the Elevator Velocity-Control System

The evolution of power electronics has resulted in considerable improvements in
elevator applications, such as continuous speed control by varying the frequency of the
supplied current of the three-phase motor using a suitable inverter. The change in frequency
enables fast changes in elevator speed, improving at the same time the efficiency under
transients and achieving an optimal acceleration and deceleration. In high-speed ranges in
particular, VVVF technology is very widely used and presents important advantages that
save both energy and motor life [16]. The basic parts of a typical inverter implemented in
elevator speed-control systems are the rectifier, the inverter and the control unit [17].

• Rectifier: The rectifier is the device that converts the three-phase alternating current of
the network into direct current (AC/DC). It consists of the simple rectifying bridge
and a smoothing filter comprising a capacitor and a coil [18].

• Inverter: The smoothed DC voltage then feeds the inverter. The purpose of the device
is to convert the DC voltage into an AC of variable frequency and controlled amplitude.
The basic building blocks of the inverter are electronic semiconductor power switches.
The choice of these switches is very important and has a decisive influence on the
operating characteristics, performance and also the quality of the inverter.

• Control Unit: The control unit is available to formulate a pulse width range of suitable
amplitude. In order to achieve control of the fundamental harmonic of the inverter
output voltage, it is necessary to vary the pulse width by varying the time intervals
where the semiconductor elements are turned on or off. In general, the DC voltage
of the inverter is converted into an alternating voltage with a controlled amplitude
and frequency. In this way, each pulse is converted into a numerical bit from where it
expresses the opening and closing of the three-phase inverter switches (on, off) [19].

The VVVF inverter, using appropriate microprocessors, has led to the development
of multiple systems that run complex operating programs with an increased degree of
control accuracy, providing improved reliability and flexibility. By varying the frequency of
the supply voltage, the speed of the electrical motor can be adjusted over a wide range of
elevator operations. With the development of power electronics and the use of appropriate
control techniques in the inverters, it is possible to make the variation in frequency match
the possibility of varying the supply voltage. In this way, the magnetic flux in the gap
is maintained at its maximum. In normal operating conditions, we observe that the
voltage drop of the stator winding is less than that of the stator anti-electromotive force
(Ia(R1 + jX1) < E1) and results the following equation:

V1 ≈ 4.44K1 f1N1 pm (1)

Based on Equation (1), we find that the flow in the gap is defined by the ratio
V1/ f1 = Vnom/ fnom. Observing Figure 3a,b according to the push-turn speed curves, we
find that the maximum thrust decreases at low operating frequencies (less than 10 Hz).
The effect of this decrease is due to the reduction in the magnetic flux in the gap, due
to resistance of the stator winding. At low frequencies, the voltage drops across the R1
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winding resistance becomes comparable to the induced anti-electromotive force, so that
the V/f ratio no longer applies and an additional voltage increase is required to maintain
the magnetic flux at the desired amount to avoid overheating problems and operation at
saturation conditions.
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In traction systems, increasing the starting thrust combined with reducing the fre-
quency produces suitable results. Rotation control can be extended to frequencies greater
than 50 Hz where the curves have the same shape but move to the right. In this case,
for frequencies greater than 20 Hz the voltage drop of the stator winding can be ignored.
Therefore, the operation of the electrical motor under steady state depends solely on the
rotor frequency, so the characteristic speed curves have the same shape in this region.

In Figure 4a,b, showing the voltage pulses produced using a sinusoidal pulse width
modulation (SPWM) technique, two cases are distinguished: (a) the modulation of the
pulses in the case of half the nominal voltage and frequency and (b) the corresponding
modulation of the pulses in the case of the nominal voltage and frequency depending on
the programmed velocity and starting impetus.
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As discussed above, there are various control techniques for successfully controlling
and driving a permanent-magnet synchronous motor. Therefore, it is appropriate to use a
suitable inverter with a suitable pulse width modulation. The most common pulse width
modulation is sinusoidal pulse width modulation. A sine-wave reference signal is com-
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pared to a triangular carrier signal [20]. The IGBT are property-controlled with a series
of ON–OFF pulses. Thus, in this way a DC voltage can give, with the appropriate tech-
nique, an alternating voltage at the output of the inverter with an increased fundamental
component. In addition, no particular switching losses are observed, which has a result of
eliminating the lower harmonics, so the PMSM has a higher performance [21]. Equations (1)
and (2) relate to the amplitude modulation Ma and frequency modulation M f :

Ma =
Ar

Ac
(2)

M f =
fs

fc
(3)

where Ar is the amplitude of the reference waveform, Ac is the amplitude of the triangular
carrier waveform, fs is the frequency of the reference waveform and fc is the frequency of
the triangular carrier waveform. The frequency ratio M f shows the number of pulses in
the positive period and the number in the negative period.

5. Operation of VVVF Inverter Control

Figure 5a–d show the motion curves of the elevator during ascent and descent that
should be followed in cases of empty load (0 kg), of half the nominal load (300 kg) and of
full load (615 kg). The specific speed curves are programmed into the inverter to determine
the movement of the system during elevator operation. These figures illustrate a typical
elevator drive system target. Initially, it may be observed that when the cabin starts to
move, it performs an acceleration motion period, while at the end of the trajectory the
elevator comes to a standstill. However, before it enters the stall process, it must reduce
its speed in order to safely perform the transition to the call floor. Based on the specific
characteristic’s curves, useful information can be derived concerning the time interval
of each movement and the corresponding power consumed throughout the range of the
movement.

Taking into account the time intervals of speed variation from the experimental velocity
curves of the elevator depicted in Figure 5a,b and considering that the average speed is
1 m/s, the respective speed variation characteristics can be evaluated, which correspond to
0.4 m/s2 of average acceleration and 0.35 m/s2 of average deceleration. Based on the lift
curve in Figure 5c,d we see that although the deceleration is much steeper the delay before
stopping is longer.
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The user programs and introduces to the computer memory a desirable curve of the
elevator’s speed, as well as the first (acceleration) and second derivative of the speed (over
acceleration). By introducing the curve shown in Figure 5a–d in the appropriate form,
the optimization of the desired speed service and the comfort of the passengers during
the journey is achieved [19]. The actual speed of the elevator is compared by the central
computer using the encoder with the desired speed, which has been programmed in the
computer memory. It controls the frequency of the motor supply so that it can adjust the
actual speed to the desired value. Due to the fact that the comparison is almost continuous
(70 tests per second), the actual curve is practically the same as the control target. As
a result, there is a noticeable improvement in service speed achieved, especially during
starting, stopping and balancing. Tables A25 and A26 calculate the time intervals of the lift
movement based on the above movement curves.

The main advantages of using a VVVF inverter are the significant improvement in
speed, which, in combination with the smooth movement of the elevator, especially during
start, stop and balancing, creates an increased sense of comfort during transport. Moreover,
the electrical motor draws less heat, which is limited to about half, thus enabling an
unlimited number of allowable starts per hour, a longer electrical motor life and elimination
of the need to install a cooling fan, which is usually noisy and energy-consuming. Finally,
it achieves silent operation in combination with the fully equipped microcomputer and
the elimination of surges due to strong harmonics, especially in low-frequency cases. In
addition to the advantages at the electrical level, there are several positive aspects in the
mechanical characteristics of the elevator. The mechanical construction is greatly simplified,
since no reducer is needed for the variable transmission and no double-motor windings is
required. By applying this control technique, significant advantages can be identified for
the building itself. First of all, there are reduced requirements for sound and heat insulation
of the machine room, the possibility of reducing the electric power supply line of the
elevator due to the low starting current and elimination of the need to acquire equipment
for the correction of the cosine in large-scale installations due to the high power factor.

In addition, the speed of the chamber is also determined using a digital speed sensor,
which acts as a digital optical encoder used as a speed-pulse generator. Depending on the
rate of generation of the pulses, the transducer can sense in real time the speed of movement
of the chamber. Communication between the transducer and the motor is carried out using
an encoder that is mounted on the motor shaft, providing appropriate speed and position
information. The DC voltage at the output of the rectifier, the supply voltage and the
motor current are used as inputs to the control unit, as well as calculations relating to the
temperature of the variable-frequency drive and the temperature of the motor. This enables
the microprocessor to calculate whether the variable-frequency unit is operating within the
specified limit.

When the operation of the control unit is found from the parameters set, then the
computer available in the inverter corrects the operations even in the case where the
parameters are not restored and the drive system operates beyond the limits. In this case,
the control unit operates automatically by interrupting the speed-control process. The
system also has a display in order to monitor all the individual functions of both the motor
and the lift, as well as the possibility of programming by adding or removing individual
functions.

6. Energy Savings by Using a VVVF Technique

The mathematical model of an electrical motor, which is the significant element of the
driving system, providing motion of the lift is described by the equations of the voltage
and the evolving electromagnetic impetus, given as the follow:

V = Ri +
d
dt

Li (4)
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Te =
( P

2 )

2
iT ∂L

∂θ
i = J

dWm

dt
+ bWm + Tf (5)

where Wm is the circular speed of the rotor (rad/s), P is the number of poles, J is the constant
of the inertia of the rotor and load (kg m2), b is the motor friction constant due to losses
(Nm/rad/s) and Tf is the component of the load thrust not included in the constants J
and b.

The developed electromagnetic impetus Te of a motor is the component of the currents
absorbed by the motor at any given time to the angular velocity of the electrical motor:

Te =
Pe

Wm
(6)

The impetus balances the necessary mechanical thrust of the electrical motor and is
given as the follow:

Tm = TLosses + TLoad (7)

The equation that determines the mechanical speed of the electrical motor is:

Te − Tm = J
dWm

dt
(8)

where for Te > Tm the motor accelerates, for Te = Tm the motor has a constant rotation speed
and for Te < Tm the motor decelerates.

The power output of the motor depends on the lifting speed of the load and the active
force. Thus, the following is applied:

N =
Fu

102n
(9)

where F is the active force (kg), u is the velocity of the cabin (m/s) and n is the efficiency of
the system.

For the calculation of the active force and the counterweight, the following applies:

F = B + Q − G (10)

G = B +
1
2

Q (11)

where B is the total weight of the cabin, suspension frame and cable (kg), Q is the passenger
load (kg) and G is the weight of the counterweight (kg).

The speed of the chamber is given by:

u =
πDKn

60
(12)

where D is the diameter of the friction pulley (m), K is ratio of the transferring reducer and
n is the number of rotations of the motor (rpm).

The work produced for the vertical transfer of a particular load F in a distance S can
be expressed as:

W = FS (13)

The average power during a time dt is defined as the ratio of the work dw and the
equivalent time dt, as follows:

Pav. =
dw
dt

=
1
dt

∫ t+dt

t
P(t)dt (14)
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The distance S can be derived from the motion diagram, shown in Figure 5a for the
ascent movement and in Figure 5b for the descent movement, by the relation:

S = Vmax[T − (t 1 + t3)

2
] (15)

where t1 = Vmax/C1 is the acceleration time, t3 = Vmax/C2 is the deceleration time and
Vmax, C1, C2 are the maximum velocity of the constant-speed trajectory, acceleration and
deceleration of the lift, respectively.

If in the last relation t1 and t3 are replaced by the above-mentioned relations involving
Vmax, C1 and C3, it follows that:

S = VmaxT − 1
2

Vmax
2(

1
C1

+
1

C3
) (16)

In that respect, the total energy consumed by the elevator along the distance S between
two stops with a constant load can be expressed by:

E =
9.81F

n
[VmaxT − 1

2
Vmax

2
(

1
C1

+
1

C3

)
] (17)

Based on Equation (16), it may be concluded that the lower the acceleration and
deceleration, the smoother the movement of the elevator and the higher the energy-saving
rate achieved. At the same time, in order to achieve the maximum possible movement of
the chamber, the average speed Vm of the elevator is required to be satisfactory. Depending
on the path the system is desired to follow, there is an appropriate adjustment of the
speed–time curve u(t), which differs for each path and is given by the relation:

Vm =
S

S
Vs

− t0
(18)

where Vm is programmed trajectory velocity (m/s) and t0 is the total time for boarding–
disembarking and opening–closing of the doors (s).

7. Results
7.1. Current Consumption Electrical Motor PMSM and IM

In order to access the operation and applicable power characteristics of an elevator
using PMSM supplied by a VVVF inverter in conjunction with a vector control technique
and an adapted smooth speed variation strategy based on the characteristics analyzed pre-
viously in Section 2, simulated and experimental results are compared to those obtained for
an induction motor drive without a VVVF inverter. The characteristics of the two systems
under consideration, including the characteristics of the lift, are reported in Tables 2 and 3,
respectively.

Table 2. Characteristics of elevator and PMSM with VVVF inverter drive.

Parameters Symbol Values

Rated Load Q 630 kg
Weight Chamber P 675 kg
Counterweight CW 990 kg

Rated Speed U 1 m/s
Route R 5.2 m

Electrical Motor Gearless PMSM 7.2 kW
Nominal Current Inom 12.24 A
DC Link Voltage VDC 380 V

Poles P 16
Switching Frequency Inverter fs 5 kHz

Inertia J 0.0008 kg m2
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Table 2. Cont.

Parameters Symbol Values

Inductance Ld, Lq 0.00095 H
Stator Resistance Rs 0.085 Ω
Nominal Torque Tn 458.59 Nm

Flux Linkage Ψm 0.192 Wb
Frequency f 20 Hz

Rated Speed N 150 rpm

Table 3. Characteristics of elevator and induction motor without VVVF inverter drive.

Parameters Symbol Values

Rated Load Q 630 kg
Weight Chamber p 630 kg
Counterweight CW 990 kg

Rated Speed U 1 m/s
Route R 6.1 m

Gear Ratio K 1:9
Electrical Motor Geared IM 7.3 kW

Nominal Current Inom 12.41 A
Stator Inductance Ls 0.6780 H
Rotor Inductance Lr 0.6780 H

Mutual Inductance Lm 0.6722 H
Poles P 16

Rotor Resistance Rr 1.3950 Ω
Stator Resistance Rs 1.4050 Ω

Inertia J 0.04 kg m2

Frequency f 50 Hz
Rated Voltage V 230/380 Volt
Rated Speed N 375 Rpm

The experimental setup is shown in Figure 6. The energy analyzer was used for data
extraction and processing, as shown in Figure 6a. In addition, in Figure 6b we observe the
wiring of the VVVF inverter automation panel layout in order to measure the current and
applicable power of the electrical motor in each lifting of a different chamber load.

The simulated stator current time variations during ascent and descent movements
for an empty load, half-rated load and full load are shown in Figures 7–12. These figures
illustrate that due to the counterweight action the currents are during half-load ascent
and full-load descent operations. In the case of the empty chamber, the counterweight
is heavier than the empty chamber, so in the descent the electrical motor has to lift the
counterweight and thus has a higher load, more power and, therefore, higher consumption.
Conversely, during the ascent of the empty chamber, the counterweight is lowered and
with the help of gravity the electrical motor has a lower load, lower power and lower
consumption. In the case of the half load the weight of the chamber is approximately the
same as the weight of the counterweight, so in either the ascent or the descent the electrical
motor has approximately the same load and the same consumption in both directions of
motion. Moreover, in the case of the full load, the chamber has a higher weight than the
counterweight and thus, in the ascent the electrical motor has a higher load and therefore
more power and consumption is required, while in the descent of the full load due to gravity
the electrical motor has a lower load, lower power and lower consumption. The main
conclusion concerning the current consumption of the electrical motor based on variation
in the chamber drive load is confirmed by the experimental data shown in Tables A1–A12
in Appendix A.
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Using Tables A13–A24 in Appendix A, we can draw useful conclusions about the
applicable power of the electrical motor. In the case with about half the rated load (300 kg)
during the accent and descent of the chamber, we find that the power during acceleration
and deceleration is the lowest possible. In addition, we have greater energy savings during
acceleration and deceleration because there is an effect of the counterweight, the motor is
operating under an empty load and its power only covers the mechanical friction losses.
Similarly, in the case of a full load (615 kg) during the ascent of the chamber when the
elevator is moving at constant speed, more power is observed, while during the descent
we have almost zero power.

7.2. Pulses for PMSM with VVVF Inverter Driving

Figure 13 shows the pulse configuration of the inverter output supplying the electrical
motor with appropriate voltage according to the modulation scheme. The inverter used
for the experimental setup is a DC–AC converter with a constant DC voltage. In addition,
both the amplitude of the voltage and its frequency are controlled. The power stage of
the converter uses IGBT semiconductors due to the high power needed, the high input
impedance, the low voltage drops and the high switching speed compared to other power
semiconductors such as MOSFET [22]. Finally, a switching frequency of 5 kHz ensures the
appropriate current waveform quality in stator windings.
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Figure 13. Sinusoidal pulse width modulation output of the inverter supplying the PMSM.

7.3. Speed of Electrical Motor for PMSM and IM

The speed variation of the electrical motor also helps to draw useful conclusions
concerning the operation of the chamber drive system. Figure 14a,b show the operating
speeds of the induction motor supplied by the mains and of the PMSM driven by the
inverter applying the VVVF technique. It can be observed that in the induction motor
case important oscillation appears, illustrating a more pronounced transient effect. On the
contrary, in the inverter-fed PMSM motor case, besides the energy savings, a smoother
speed regulation is observed due to the proper tuning of the speed controllers available
in the system. The appropriate speed setting of the electrical motor also determines
the smooth chamber transition, as no particular accelerations and over-accelerations are
observed during its operation.
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7.4. Simulation Scenarios

In the next step, typical scenarios of elevator loading have been considered, involving
the floor calls as shown in Figure 15a,b. In the first case, a large number of calls with
continuous lift movements was used, while in the second case, a smaller number of lift
calls was chosen.
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The simulation results are obtained by studying a typical lift movement in an urban
block of flats and are obtained under assumptions. Moreover, it is worth emphasizing that
in an office building or department store rather than the apartment building we studied,
the elevator movement and possibly the chamber would have been differentiated. The
elevator would have served a greater number of passengers and would possibly have been
required to handle different loads to accommodate all users.

7.5. Energy Consumption with VVVF and without VVVF

Then, for each case we calculate the energy consumption during the ascent and
descent of the elevator for the cases of drives with PMSM supplied by a VVVF inverter
and an induction motor without a VVVF inverter, shown in Figure 16a,b and Figure 17a,b,
respectively. The total number of floors for the building is six. Based on the elevator motion
curves, using the height of each floor of 4.3 m and knowing that for the acceleration phase
it is 0.5 m, for the constant-speed phase it is 3.3 m and for the deceleration phase it is 0.5 m,
the energy consumption from the ground floor and from each floor is calculated as follows:

1. In the first part of the route and for a length of 0.5 m the elevator performs an
accelerated movement and thus the energy consumed is the corresponding power
depending on the load served by the lift (empty chamber, half load and full load) over
the period of the accelerated movement of the lift.

2. During the second part of the route the elevator runs smoothly at a constant speed for
the total length of the journey from the ground floor to the corresponding floor but
reduced by 1 m, which is the part of the acceleration and deceleration of the chamber.
Thus, the energy consumed in this section will have to be adjusted according to the
time taken to complete the route. The time is adjusted according to the length of
the route path that the elevator performs each time at a constant speed. Therefore,
the energy consumed in this section will be the corresponding power depending on
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the load it serves at any given time and the corresponding adjusted route time at
constant speed.

3. Finally, in the last part of the route and for a length 0.5 m the elevator performs a
deceleration movement and thus the energy consumed is the corresponding power
according to the load served by the lift (empty chamber, half load and full load) over
the period of the decelerated movement of the lift.
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7.6. Daily Energy Consumption with VVVF and without VVVF

The respective measured daily energy consumption for the cases of drives with PMSM
supplied by a VVVF inverter and an induction motor without a VVVF inverter are shown
in Figure 18a,b and Figure 19a,b, respectively, which are in good agreement with the
simulated results.



Energies 2023, 16, 4716 17 of 30
Energies 2023, 16, x FOR PEER REVIEW  17  of  30 
 

 

   
(a)  (b) 

Figure 18. Daily energy consumption measured in case 1 for: (a) PMSM drive with VVVF; (b) IM 

drive without VVVF. 

   
(a)  (b) 

Figure 19. Daily energy consumption measured in case 2 for: (a) PMSM drive with VVVF; (b) IM 

drive without VVVF. 

7.7. Total Energy Efficiency 

According to the calculation of daily energy consumption, an energy savings rate of 

24.76% is achieved for the first call number scenario and 16.35% for the second scenario 

shown in Figure 20a and Figure 20b, respectively. It may be noted that such important 

energy savings are achieved in cases of approximately half‐rated loading, while in cases 

involving frequent full‐load operation the energy savings assessed are relatively lower. 

   
(a)  (b) 

Figure 20. Total measured energy consumption: (a) scenario 1; (b) scenario 2. 

Figure 18. Daily energy consumption measured in case 1 for: (a) PMSM drive with VVVF; (b) IM
drive without VVVF.

Energies 2023, 16, x FOR PEER REVIEW  17  of  30 
 

 

   
(a)  (b) 

Figure 18. Daily energy consumption measured in case 1 for: (a) PMSM drive with VVVF; (b) IM 

drive without VVVF. 

   
(a)  (b) 

Figure 19. Daily energy consumption measured in case 2 for: (a) PMSM drive with VVVF; (b) IM 

drive without VVVF. 

7.7. Total Energy Efficiency 

According to the calculation of daily energy consumption, an energy savings rate of 

24.76% is achieved for the first call number scenario and 16.35% for the second scenario 

shown in Figure 20a and Figure 20b, respectively. It may be noted that such important 

energy savings are achieved in cases of approximately half‐rated loading, while in cases 

involving frequent full‐load operation the energy savings assessed are relatively lower. 

   
(a)  (b) 

Figure 20. Total measured energy consumption: (a) scenario 1; (b) scenario 2. 

Figure 19. Daily energy consumption measured in case 2 for: (a) PMSM drive with VVVF; (b) IM
drive without VVVF.

7.7. Total Energy Efficiency

According to the calculation of daily energy consumption, an energy savings rate of
24.76% is achieved for the first call number scenario and 16.35% for the second scenario
shown in Figure 20a and Figure 20b, respectively. It may be noted that such important
energy savings are achieved in cases of approximately half-rated loading, while in cases
involving frequent full-load operation the energy savings assessed are relatively lower.

In the case 1 the total energy savings is:

Energy Savings (%) =
13048.16 − 9817.15

13048.16
× 100% = 24.76% (19)

In the case 2 the total energy savings is:

Energy Savings (%) =
6420.59 − 5370.25

6420.59
× 100% = 16.35% (20)
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7.8. VDI 4707

This method is a research process on the energy efficiency of elevators according to
some specific criteria regarding the amount of energy they consume, but also helping to
draw useful conclusions regarding the efficiency of the building studied. Their ranking is
related to the energy consumed during standby and during lifting. The energy standby
is determined 10 min after the last lift is completed, while the lifting energy refers to
the consumption during the motion for a given route, always taking into account the
corresponding energy spent on opening the doors [23].

Based on the experimental data, the standby consumption for an elevator with VVVF
is 232 W while that without VVVF is 215 W. The elevator is in motion daily for about one
hour for the first case and about thirty-five minutes for the second case with VVVF driving.
In contrast, the lift without VVVF driving is in operation for fifty-four minutes in the first
case and thirty-eight minutes in the second case. Therefore, as Figure 20 shows, we observe
that the energy consumption increases significantly, as the elevator also consumes energy
during the standby time. The total travel distance of the lift is 3749.6 m for the first case
and 2046 m for the second case. The total travel times of the lift both with VVVF driving
and without the use of a VVVF inverter are calculated in Tables A25 and A26, respectively.

Tables A27 and A29–A32 show the use category and energy efficiency class of the two
elevators. In the first case, with a large number of calls, the lifts belong to usage category 2
and the energy-efficiency class with the VVVF driving inverter is E and without the VVVF
inverter is F. In the second case, with the lowest number of calls, the lifts belong to usage
category 1 and the energy-efficiency class with the VVVF driving inverter is E and without
the VVVF inverter is E.

In case 1 the total energy savings including the standby energy consumption of the
elevator is:

Energy Savings (%) =
18006.06 − 15153.15

18006.06
× 100% = 15.84% (21)

In the case 2 the total energy savings including the standby energy consumption of
the elevator is:

Energy Savings (%) =
11412.89 − 10764.25

11412.89
× 100% = 5.68% (22)

8. Discussion

In addition, there are alternative methods that can lead to a higher percentage energy
savings.
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• Similarly, returning some of the energy back to the grid using an inverter with a regen-
erative mechanism would result in energy savings rates of over 50% in Figure 21a,b [24].
Using braking, the electrical motor acts as a generator by converting mechanical energy
into electrical energy, which is dissipated as heat through thermal resistance. Through
a regenerative mode, this energy is collected and fed into a building or the city’s elec-
tricity grid [25]. This arrangement would require to the use of a transformer and more
sophisticated power electronics. Thus, in this way energy recovery during braking,
replacements of the braking resistors, reduced maintenance of the drive system and
additional reduction in heat emissions are achieved. The regenerative mechanism
can be applied when the developing motor torque is in the opposite direction to the
load torque. This can happen is two cases, either when the load is descending by
gravity or in the case of the load rising by parallel braking (the load is rising upwards
but the motor is trying to brake (accelerate)) [26]. The brakes are applied so that the
electrical motor can maintain its nominal speed. Based on Table A28 and using the
motion curves of the elevator in Figure 5, we calculate for each different load the total
travel interval of the chamber and the efficiency of the drive system in general to see
the potential for additional energy savings using regenerative braking. In the case of
ascent with 0 kg load during the constant-speed movement of the lift and in the case
of descent with 300 kg with VVVF inverter driving we observe a very low-efficiency
system. Moreover, in the cases of ascent and descent with a 300 kg load without a
driving VVVF inverter we observe the same effect because the electrical motor works
as a generator; therefore, it is possible by using an appropriate regenerative mechanism
to save additional energy for the system.

• The elevator consumes energy even when it is stopped and is in standby mode. This
consumption is due to the use of the power electronics, the indicator lights that show
the status of the lift, the PLC and the sensors of the lift. In order to avoid this particular
case, which results in additional energy consumption, the DC power supply can be
accomplished using a low-power photovoltaic installation for battery charging, as
shown in Figure 22. In this way, a 4–5% additional energy savings in achieved over
using VVVF technology. The main advantages are that 80% less energy is required
depending on the uses performed by the lift; it is powered by one small system, two
photovoltaic panels and two batteries; it can be an integrated building evacuation
system (BEMS) in which people cannot be trapped in it, as it is continuously powered
by the batteries; and there is the possibility of providing additional 230 VAC electricity.
Moreover, it has a longer lifespan, as the power generation is of better quality and gives
the possibility of 30 movements per day, providing autonomy for 30 days [27–31].

• This paper illustrated through experimental validation that, by implementing a partic-
ular loading pattern in the control of the elevator, energy savings of up to almost 25%
can be achieved, corresponding to the highest level attainable in such applications [32],
and can be of reference value, offering great services for operators in the field.
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9. Conclusions

Based on the simulations and experimental validations presented, concerning many
elevator load cases, it is concluded that important energy savings can be achieved through
the VVVF inverter application examined. It may be noted, however, that the energy savings
percentage obtained depends importantly on the lift loading conditions, the active force
as well as the number of calls/starts considered. Moreover, no significant deviation in the
movement of the chamber has been observed under empty-chamber conditions. Particular
attention should be paid to the calculation of the counterweight at half the rated load, as,
if not calculated currently they can lead to higher energy consumption rates and create
problems in the total energy savings percentage. In the case of a full load, the VVVF system
adopted offered a lower percentage of energy savings, while a higher percentage of energy
savings has been assessed under operating conditions involving half the rated power. The
active lift force that occurs at any given time is responsible for consuming a large part of
the specific energy. Regarding the choice of counterweight, a lower weight value results in
smaller energy consumption under empty-chamber conditions, but in higher consumption
at full chamber loading. Finally, in the case with a lower number of calls, the standby load
is higher, so that significant energy savings are not achieved with the use of the inverter.
Similarly, in the case where the lift receives few calls during the day, the desired savings
are not achieved and therefore, the energy class is not changed.
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Appendix A

Table A1. Current consumption with VVVF inverter driving for 0 kg during the ascent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

2.91 1.54 2.48
2.97 1.39 2.35
2.94 1.49 2.36
3.05 1.51 2.38
2.9 1.44 2.33

2.99 1.55 2.49
2.99 1.51 2.38
2.93 1.5 2.36
2.91 1.52 2.39
2.88 1.54 2.34

Table A2. Current consumption with VVVF inverter driving for 0 kg during the descent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

3.29 7.97 3.64
3.08 8.18 3.66
3.01 8.04 3.63
3.04 8.02 3.52
3.11 7.97 3.44
2.98 7.88 3.43
3.05 7.93 3.67
3.03 8.10 3.44
3.12 7.98 3.42
2.99 8.04 3.41

Table A3. Current consumption with VVVF inverter driving for 300 kg during the ascent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

1.40 1.82 1.49
1.36 1.80 1.45
1.38 1.80 1.47
1.44 1.88 1.49
1.55 1.89 1.48
1.41 1.82 1.44
1.50 1.86 1.46
1.36 1.83 1.50
1.48 1.81 1.43
1.49 1.90 1.44

Table A4. Current consumption with VVVF inverter driving for 300 kg during the descent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

1.53 2.36 1.53
1.37 2.35 1.48
1.37 2.26 1.54
1.51 2.24 1.42
1.40 2.32 1.58
1.51 2.62 1.48
1.48 2.25 1.46
1.84 2.12 1.51
1.50 2.31 1.48
1.37 2.23 1.45



Energies 2023, 16, 4716 22 of 30

Table A5. Current consumption with VVVF inverter driving for 615 kg during the ascent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

2.88 7.47 3.64
3.00 7.32 3.61
2.91 7.34 3.61
2.90 7.34 3.63
2.86 7.47 3.53
2.84 7.57 3.57
2.80 7.52 3.71
2.85 7.36 3.55
2.91 7.55 3.34
2.86 7.49 3.61

Table A6. Current consumption with VVVF inverter driving for 615 kg during the descent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

2.69 1.47 2.28
2.64 1.45 2.32
2.66 1.46 2.23
2.71 1.44 2.33
2.66 1.43 2.41
2.69 1.43 2.29
2.66 1.43 2.18
2.71 1.42 2.35
2.71 1.44 2.46
2.66 1.41 2.40

Table A7. Current consumption without VVVF inverter driving for 0 kg during the ascent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

4.21 2.27 3.62
4.28 2.23 3.58
4.14 2.29 3.76
4.32 2.34 3.55
4.35 2.37 3.68
4.30 2.30 3.72
4.12 2.33 3.65
4.44 2.35 3.61
4.48 2.22 3.59
4.37 2.38 3.75

Table A8. Current consumption without VVVF inverter driving for 0 kg during the descent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

4.49 9.82 4.12
4.58 9.77 4.18
4.63 9.80 4.06
4.44 9.86 4.04
4.43 9.83 4.10
4.47 9.82 4.14
4.52 9.74 4.06
4.54 9.75 4.09
4.46 9.90 4.14
4.53 9.77 4.11
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Table A9. Current consumption without VVVF inverter driving for 300 kg during the ascent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

2.28 2.87 2.19
2.32 2.79 2.22
2.39 2.97 2.28
2.19 2.91 2.14
2.22 2.84 2.25
2.27 3.05 2.12
2.27 2.75 2.21
2.29 3.04 2.15
2.31 2.86 2.21
2.32 2.97 2.17

Table A10. Current consumption without VVVF inverter driving for 300 kg during the descent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

1.72 2.62 1.59
1.74 2.69 1.62
1.68 2.55 1.66
1.69 2.61 1.74
1.77 2.58 1.75
1.62 2.52 1.68
1.65 2.54 1.78
1.70 2.51 1.72
1.65 2.66 1.69
1.66 2.74 1.80

Table A11. Current consumption without VVVF inverter driving for 615 kg during the ascent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

4.00 9.64 4.95
4.08 9.48 4.97
4.12 9.52 4.91
4.12 9.52 4.91
4.04 9.51 5.02
3.84 9.44 4.85
3.93 9.62 4.93
3.91 9.48 4.87
4.09 9.50 4.93
4.12 9.52 9.00

Table A12. Current consumption without VVVF inverter driving for 615 kg during the descent.

Acceleration Current (A) Constant-Speed Current (A) Deceleration Current (A)

3.23 1.58 2.54
3.30 1.55 2.55
3.41 1.62 2.50
3.32 1.65 2.52
3.37 1.60 2.44
3.25 1.59 2.47
3.28 1.55 2.51
3.29 1.58 2.56
3.34 1.64 2.45
3.29 1.66 2.48
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Table A13. Applicable power with VVVF inverter driving for 0 kg during the ascent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

2.00 0.950 1.52
1.99 0.929 1.53
2.00 0.909 1.54
2.01 0.931 1.54
2.08 0.946 1.55
1.99 0.938 1.58
2.01 0.917 1.56
1.99 0.936 1.47
1.98 0.929 1.44
2.00 0.931 1.51

Table A14. Applicable power with VVVF inverter driving for 0 kg during the descent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

2.30 5.70 2.00
2.11 5.29 2.45
2.03 5.31 2.26
2.05 5.35 2.44
2.04 5.3 2.38
2.11 5.37 2.41
2.06 5.32 2.32
2.07 5.52 2.17
2.11 5.47 2.21
2.12 5.38 2.11

Table A15. Applicable power with VVVF inverter driving for 300 kg during the ascent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

0.941 1.28 0.931
0.970 1.24 0.899
0.918 1.22 0.924
0.927 1.26 0.894
0.909 1.21 0.900
0.915 1.18 0.870
0.953 1.25 0.910
0.918 1.20 0.889
0.930 1.19 0.898
0.900 1.22 0.907

Table A16. Applicable power with VVVF inverter driving for 300 kg during the descent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

0.948 1.53 0.914
0.924 1.56 0.894
0.930 1.51 0.89
0.923 1.55 0.889
0.922 1.46 0.918
0.915 1.54 0.873
0.926 1.48 0.936
0.940 1.51 0.899
0.941 1.53 0.897
0.920 1.47 0.894
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Table A17. Applicable power with VVVF inverter driving for 615 kg during the ascent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

1.97 4.90 2.43
1.95 4.84 2.38
1.95 4.77 2.42
1.98 4.81 2.42
1.97 4.88 2.46
1.97 4.96 2.46
1.92 4.85 2.43
1.97 4.92 2.47
2.02 4.91 2.44
1.98 5.03 2.44

Table A18. Applicable power with VVVF inverter driving for 615 kg during the descent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

1.84 0.878 1.46
1.87 0.878 1.46
1.83 0.867 1.47
1.83 0.858 1.48
1.80 0.856 1.47
1.82 0.857 1.48
1.83 0.861 1.49
1.85 0.865 1.48
1.84 0.856 1.47
1.83 0.858 1.46

Table A19. Applicable power without VVVF inverter driving for 0 kg during the ascent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

2.39 1.31 2.00
2.35 1.32 2.20
2.42 1.36 2.15
2.38 1.29 2.06
2.46 1.33 1.94
2.32 1.30 1.99
2.48 1.28 2.06
2.45 1.25 1.92
2.36 1.29 1.96
2.40 1.26 1.98

Table A20. Applicable power without VVVF inverter driving for 0 kg during the descent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

2.38 6.02 2.68
2.45 5.94 2.75
2.40 5.90 2.70
2.38 5.87 2.66
2.47 5.79 2.52
2.30 5.92 2.70
2.48 5.91 2.49
2.40 5.87 2.55
2.37 5.84 2.52
2.42 5.97 2.47
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Table A21. Applicable power without VVVF inverter for 300 kg during the ascent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

1.25 1.50 1.22
1.31 1.68 1.24
1.31 1.65 1.28
1.26 1.62 1.16
1.22 1.71 1.18
1.34 1.63 1.19
1.18 1.52 1.23
1.19 1.58 1.12
1.22 1.57 1.16
1.22 1.60 1.26

Table A22. Applicable power without VVVF inverter for 300 kg during the descent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

1.12 1.85 1.12
1.09 1.81 1.11
1.16 1.87 1.15
1.18 1.80 1.07
1.20 1.85 1.09
1.16 1.73 1.10
1.14 1.78 1.12
1.15 1.75 1.14
1.17 1.86 1.07
1.17 1.78 1.08

Table A23. Applicable power without VVVF inverter for 615 kg during the ascent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

2.33 5.29 2.72
2.24 5.25 2.78
2.26 5.12 2.74
2.12 5.24 2.86
2.20 5.19 2.81
2.32 5.32 2.71
2.19 5.19 2.58
2.06 5.08 2.64
2.11 5.18 2.62
2.16 5.21 2.59

Table A24. Applicable power without VVVF inverter for 615 kg during the descent.

Acceleration Power (kW) Constant-Speed Power (kW) Deceleration Power (kW)

2.22 1.06 1.77
2.24 1.02 1.79
2.28 1.11 1.81
2.19 1.04 1.75
2.16 0.99 1.73
2.12 0.96 1.75
2.23 1.04 1.65
2.25 0.97 1.69
2.29 0.94 1.66
2.18 1.02 1.71
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Table A25. Travel time of a lift with VVVF from the ground floor to each floor during ascent and descent.

Ground Time Ascent (s) Time Descent (s)

1st Floor 8.60 8.35
2nd Floor 11.13 10.65
3rd Floor 15.20 13.65
4th Floor 17.73 16.65
5th Floor 21.03 19.65
6th Floor 24.33 26.65

Table A26. Travel time of a lift without VVVF from the ground floor to each floor during ascent and descent.

Ground Time Ascent (s) Time Descent (s)

1st Floor 9.88 9.80
2nd Floor 12.48 12.40
3rd Floor 15.88 15.80
4th Floor 19.28 19.20
5th Floor 22.68 22.60
6th Floor 26.08 26.00

Table A27. Elevator energy consumption when in standby with VVVF driving and without VVVF
inverter for each case.

Energy Consumption (Wh) With VVVF Inverter Without VVVF Inverter

Scenario 1 5336 4957.90
Scenario 2 5394 4992.30

Table A28. Total area and efficiency of the drive system for each movement of the elevator with
VVVF inverter and without driving VVVF inverter.

Load (Kg) Total Area (m) Efficiency Driving System

0 Kg with VVVF during the ascent
1.18 72.92%
3.30 30.12%
1.33 96.56%

300 Kg with VVVF during the ascent
1.18 30.19%
3.30 48.24%
1.33 31.06%

615 Kg with VVVF during the ascent
1.18 88.14%
3.30 76.64%
1.33 71.91%

0 Kg with VVVF during the descent
1.23 69.61%
3.00 57.22%
1.30 63.51%

300 Kg with VVVF during the descent
1.23 30.26%
3.00 39.24%
1.30 30.91%

615 Kg with VVVF during the descent
1.23 95.10%
3.00 23.37%
1.30 84.74%

0 Kg without VVVF during the ascent
1.05 64.37%
3.74 38.31%
2.19 77.25%

300 Kg without VVVF during the ascent
1.05 23.54%
3.74 40.46%
2.19 24.52%
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Table A28. Cont.

Load (Kg) Total Area (m) Efficiency Driving System

615 Kg without VVVF during the ascent
1.05 83.60%
3.74 77.81%
2.19 68.12%

0 Kg without VVVF during the descent
1.30 76.64%
3.74 57.51%
1.90 59.42%

300 Kg without VVVF during the descent
1.30 25.59%
3.74 35.97%
1.90 26.75%

615 Kg without VVVF during the descent
1.30 83.60%
3.74 63.69%
1.90 94.00%

Table A29. Categories of energy demand in motion.

Specific Consumption (mWh/mkg) Category

≤0.8 A
≤1.2 B
≤1.8 C
≤2.7 D
≤4.0 E
≤6.0 F
>6.0 G

Table A30. Categories of energy demand for standby.

Efficiency (W) Category

≤50 A
≤100 B
≤200 C
≤400 D
≤800 E
≤1600 F
>1600 G

Table A31. Use categories for lifts according to VDI 4707.

Use Category 1 2 3 4

Intensity/Frequency of Use Low/Rare Middle/Occasionally High/Often Very high/Very Often

Average traffic time in hours per day 0.5 (≤1) 1.5 (>1–2) 3 (>2–4.5) 6 (>4.5)

Average waiting time in hours per day 23.5 22.5 21.0 18.0

Table A32. Energy-efficiency categories.

Energy-Efficiency Category Use Category

1 2 3 4

A ≤1.45 ≤1.01 ≤0.90 ≤0.84
B ≤2.51 ≤1.62 ≤1.39 ≤1.28
C ≤4.41 ≤2.63 ≤2.19 ≤1.97
D ≤7.92 ≤4.37 ≤3.48 ≤3.04
E ≤14.41 ≤7.33 ≤5.56 ≤4.67
F ≤26.88 ≤12.67 ≤9.11 ≤7.33
G >26.88 >12.67 >9.11 >7.33
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