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ARTICLE INFO ABSTRACT

This work presents an active control system applied to vibration level
Article history reduction in high-performance vertical transport, aiming at improving the
Received July 30, 2022 passengers’ comfort in high-speed elevators. The control system design
Revised August 20, 2022 includes the use of a Proportional Integral Derivative (PID) control. Three
Accepted September 05, 2022 . . - .. . .
strategies were proposed in order to achieve a 90% reduction in the vibration
amplitudes: (I) the consecutive reduction of 90% of the displacements, (II)
High-performance elevator: the copsecutive reduction of 90% Of. the velocity, and (I.II) the consecutive
Active control: ’ reduction of 90% of the acceleration. The presentation of these three
PID Control; ’ proposals allows their application for the use of different sensors. The
Vibration control performance of each strategy was evaluated through mathematical modeling
and numerical simulations of a vertical transport with 4 degrees of freedom,
submitted to excitations arising from rail deformations. Vibration and
comfort levels in the cabin were numerically analyzed, taking into account
ISO 2631 and BS 6841 standards for elevator lateral acceleration level and
comfort level felt by passengers. Numerical simulations showed that the
force required to reduce the vibration levels is practically the same for the
three proposed strategies. However, strategy (I1I) — the successive reduction
of 90% of acceleration — proved to be more efficient at improving
passengers’ comfort level when compared to the other two strategies.
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1. Introduction

The current Civil Engineering technologies applied in the field of high-performance buildings and
space utilization have collaborated for the development of new high-rise buildings, which demand the
use of high-velocity elevators. The alternative movements of the elevator up and down the shaft during
operation generate vibrations, causing discomfort to passengers [1-5]. In some cases, however, lateral
vibration levels in the elevator cabin are so high that they can result in low comfort and reduced ride
quality for the passengers, which are the main problems in high-speed elevator systems [6-10].

In [11-16], studies are presented that revealed that vibration during the elevator emergency
braking process directly affects the performance of the elevator traction system, thus affecting the
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safety, reliability, and comfort of passengers. In [17], results are presented that demonstrate that the
vertical vibrations of the elevator traction system are maximized during the braking operation. In [18],
it is shown that strong vibrations affect the contact force between the hoist rope and the traction
sheave, consequently resulting in slipping between the hoist rope and the traction sheave.

In light of the need to improve its movement quality without losing the efficiency of the elevators
within the limits of horizontal and vertical vibrations, research on control systems applied to the
control of lateral and longitudinal accelerations has grown recently in order to guarantee the quality
of passenger’s ride [8]. In [7], active vibration control is proposed for a vertical transport model
excited by the guide rail deformations considering the horizontal nonlinear response of the three
degrees of freedom model. In [8], a design parameter optimization method is used to reduce the
horizontal vibration of high-speed elevators. In [19-20], high-height lifting systems were studied, and
the problem of the elevator rope with oscillating motion due to external force disturbances was also
numerically studied through an active control, using non-linear controllers based on Lyapunov's
theory to stabilize the cable swing. In [21], a model for the transverse vibrations of the elevator cable
was presented. In [22], the investigation of a high-speed elevator system was considered, examining
the horizontal vibrations caused by the guide “casters” in the elevator cabin. An active control system
was proposed by [23] considering the time-varying states using the Co-FXLMS (Correlation Filtered-
X Least-Mean-Square - Correlation Filter-X Minor Mean Square) and MBPF (Move Band Pass Filter
- Motion Band Pass Filter).

In [24], an adaptive sliding-mode controller with diffuse switching gain (FGASMC) is proposed
to reduce the severe horizontal vibration of the high-speed elevator car system that is caused by the
excitation of the guide rail. In [25], an adaptive fuzzy-based sliding-mode predictive controller
(PSMC-AF) is presented to reduce the horizontal vibration of the ultra-high-speed elevator car system.
Numerical simulations are presented considering some representative excitations of the guide rail and
demonstrated that the proposed active control is more effective than the passive system. In [26], a
control system is proposed considering the combination of H»/H. to reduce the vibrations of the
elevator cabin generated by the unevenness of the guide rail, uncertainty in the modeling of the guide
shoe, wear and aging of the spring between the guide shoe bearing and guide rail. Numerical
simulations demonstrated that the control strategy provided a better vibration suppression capability,
significantly improving the lift displacement comfort.

In [27], the investigation of the non-linear mechanical problem of the elevator braking system
under load and disturbance uncertainties from external excitation and its influence on driving comfort
and on the operating efficiency of the elevator system is presented. In [28], the influence of the
operating velocity of the high-speed elevator, the deviation of the guide rail profile, and the dynamic
parameters of the rolling guide shoe on the horizontal vibration of the car in the comfort of passengers
are presented. In [29], the authors presented a study about the lateral vibrations of suspension and
compensation cables associated with the vertical movements of the cabin and the counterweight,
which are induced by the movements of the building structure in high-rise elevators. In [30], the use
of a magneto-rheological damper is considered a semi-active control to reduce the vibration levels of
the high-speed elevator.

In [31], an investigation of the vibrations of the elevator cabin is carried out, considering the
compensation cables and tension device in the vibration of the elevator, as well as the cabin and the
lifting cables between the top of the cabin and the wheel. In [32], the damping characteristics of an
elevator traction system are analyzed, and the vibration characteristics of the elevator cabin are tested
considering a traction ratio of 2:1. Numerical results show that the natural frequency and stiffness of
the system decrease with increasing elevator load and that the attenuation coefficient and damping
increase with increasing elevator load, and the damping of the traction system is related to the initial
direction of travel. In [33], a study of vertical vibrations caused by the ripple of torque generated in
the elevator drive system and its influence on passenger comfort during an elevator ride was presented.
In turn, [34] presented a methodology for the design of a high-performance LTI controller (Linear
Time Invariant) by the vertical movement of the elevator with high velocity.
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In [35], an SDRE control proposal was presented for the control of elevator cabin vibrations.
Numerical results showed that the control strategy was efficient in reducing vibration levels. In [36],
a mathematical model was presented considering the relationships of lateral force and tipping moment
with horizontal displacement, deflection angle, and nominal velocity.

In works [37-39], a non-linear model of rolling guide shoes was proposed for the analysis of
horizontal vibration responses considering the variation of parameters and irregularity of guide rails.
In [40], the influence of cables on elevator vibration was studied. The proposed model was obtained
by theoretical and experimental verification and applied to forecast the practical balances of buildings
and elevator cables. In work [41], perturbation methods were applied, considering the derived defined
and random part of the acceleration response expressions for analysis of the transverse vibration
acceleration response.

The present work contributes to the body of knowledge on vibration control in high-speed
elevators by presenting three different strategies for lateral vibration mitigation inside the elevator
cabin. Unlike strategies that take into account lateral displacement or lateral velocity to control
vibration, the present research approach was based on lateral acceleration control to determine the
strong demand of the active control, facilitating its real implementation since it requires only
accelerometers as sensors.

The paper is organized as follows: The introduction presents some of the most recent contributions
to the research topic and the contribution of the present work to the body of knowledge. In the Method
section, we present the mathematical model of the elevator cabin and the PID control project used to
reduce lateral vibrations, considering the proposal of three strategies: consecutive reduction of 90%
of displacements, consecutive reduction of 90% of the velocity, and the consecutive reduction of 90%
of acceleration. The Results and Discussions section presents the numerical simulation results and the
three different control strategies comparisons, taking into account the vibration levels according to
ISO 2631 and BS 6841 standards. Finally, in the Conclusion, we present the conclusions of the results
presented in the paper body.

2. Method

2.1.Mathematical Model

Fig. 1 represents a schematic diagram of the cabin elevator. The roller guides support the platform
with springs to prevent transmission of external excitation caused by misalignment and deformation
of the guide rollers. These guide rollers and springs are components of the suspension system.

Main Ropes Roller Guides

External

- b c/2 c/2 b
Excitation
HH =H,
X5 Megq §-|I— M., —I)-E Meg Xpp
ANNS Lt

oW A\ A\ AWHets
7 k(O O kO Ok O OLT

Platform
Rubbers

(a) (b)
Fig. 1. (a) Schematic diagram of elevator cabin structure (b) Equivalent model for the horizontal movement
of the elevator
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In Fig. 1, Mg is cabin mass [kg]; m,, is suspension system mass [kg]; b is suspension damping
coefficient [Ns/m]; c is cabin damping coefficient [ Ns/ m]; k4 is stiffness coefficient of guide rollers
[N/m]; k, is suspension stiffness coefficient [N/m]; k5 is coefficient of stiffness of the elevator cables
referring to the tilting movement of the cabin [N/m]; X is the horizontal displacement of the cabin
[m]; X is a displacement of the left suspension system [m]; Xy is suspension system displacement to
the right [m]; X; 5 and Xyp are external excitations caused by deformations of the guide rails.

The motion equations can be obtained by using the Lagrange energy. Equation (1) represents the
Euler-Lagrange equation.

d oLy oL
] =—Q, i=123..,n (1)

dtlag;)  aq;

where g; represents the generalized position coordinate; ¢, represents the generalized velocity; L

represents the Lagrange function, defined as the difference between the kinetic (T') and potential (V)
energies of the system (2) [35].

Equation (2) shows the total kinetic energy of the system represented by Fig. 1, as the sum of the

kinetic energies of the suspension systems, right and left, and the kinetic energy of the elevator cabin
[12].

.y Meg .
T = mzeq XE+— X2+ _mzeq X3 (2)

The total potential energy of the system is the sum of the potential energies of the spring elements
with stiffness k;, k, and k3, referring, respectively, to the spring elements of the right and left
suspension systems and of the translational spring element equivalent to the pendulum movement of
the cab. That is, it represents the cabin, as shown in Equation (3) [35].

k k k k 1
V=2 K= Xup)® + 5 Krp = Xp)? + 57 (X = X)? + 5 Ke = X2+ 7kaX* ()

The conservative and non-conservative generalized forces of the system, Q;, referring to the
damping forces of the left and right suspension systems and the damping force of the cabin, which
are represented by (4) [34].

Ql=bXL+CX+bXR (4)

Using Lagrange's formulation, one can write the second-order differential Equations (5) that
represent the vertical transport system as [7, 35]:

meqXL + bXL + (kl + kZ)XL - kzX = leLB
MegX + cX + 2k, X + k3 X® — kp X, — k,Xg =0 (5)
meqXR + bXR + (k]_ + kZ)XR - kzX = k1XRB

Equation (5) can also be represented in the form of spaces as

.7.6'1 = x2
X2 = —Q1Xy — QX1 + A3X3 + AyYieft
x3 = x4 (6)
X4 = —01X4 — O3X3 — 03X3 + 04X, + O5Xs
X5 = Xg
Xe = —Q1Xg — A2Xs5 + A3X3 + Ay Yrignt
b (k1+k3) ks kq c 2k,
wherex; = X;,x3 =X, x5 = Xp, 01 =—, @y =——, 03 = ——, Ay = —,0, = —, 0y = —,
Meq Meq Meq Meq Meq Meq
ks k, ky, .
O3 = 0, =——, 0 =—and = Veione = asin(wt).
3 Meq’ 4 Meq’ 5 Meq yleft leght ( )
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2.2.Proposed Elevator Vibration Control System

The controller is integral state feedback. Fig. 2 shows the schematic diagram of the active control
proposal.

b c/2 c/2 b
Xwg_‘z_ Megq §_|I— Meq -II—E Meq _]—KXRB
AN

_u/@’_
oW —\W— AWHet>
7O O kO Ok O O™

Fig. 2. Equivalent model for the horizontal movement of the elevator with active control

Equation (7) represents the horizontal movement of the elevator with a dynamic actuator, as
shown in Fig. 2, and is given by:
meqXL + bXL + (kl + kZ)XL - kzX = leLB +u
MeoX + cX + 2k, X + k3 X3 — ko X, — ko Xg = —u (7)
meqXR + bXR + (kl + kZ)XR — kzX = leRB +u

Equation (7) can also be represented in the form of spaces:

)'Cl = X3

Xy = —01 Xy — X1 + azx3 + AsYieft +u

X'3 = X4

o — gx3 _ ®)
X4 = —01X4 — 03X3 — 03X3 + 04X1 + 05X5 — U

5C5 = Xg

Xg = —Q1Xg — QX5 + A3X3 + Ay YVrignt + U

1 1
h =—andn, =—.
where 71, Treq and 7, Mg
The state feedback control u is a PID controller and operates according to the block diagram in
Fig. 3 where K,, is the proportional gain, K is the derivative gain and K; is the corresponding

integral gain of the control loop, respectively.

K
t
€ > Kif dt u
Error 0
d
"l "t ae

Fig. 3. Integral State Feedback Control System Block Diagram

The error used for the control by lateral displacement is given by e = 0.9x3. The error used for
velocity control is given by e = 0.9x3. And the error for the acceleration control is given by e =
0.9X;. Fig. 4 shows the three different proposals presented in the paper.

In Fig. 4, we present the diagrams of the three control strategies investigated in this paper.
Considering the numerical simulations of the system (8), the variables (x3) and (X3) are available
in the system output. In a real application, the available states will depend on the sensor used. As can
be seen in Fig. 4(a), the control signal u uses only the state (x3) , in the vibration control, a state that
represents the lateral displacement of the elevator car. In Fig. 4(b), the diagram for the control based
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on the velocity (x3) of the lateral displacement of the cabin is presented. Fig. 4(c) shows the diagram
for the control that uses lateral acceleration (X3) of the cabin. For cases in which only displacement
and lateral speed of the cabin are available, it is necessary to derive the lateral velocity (x3) once.

Proportional

X3
+ox € . X3
0.1X3—b > Integral X = AX + Bu >
- +
X3
(a)
.
X
.+ e i 3
0.1x3—> »  Integral X=AX+ Bur—Tr"
- +
X3
(b)
.
+ e X3

o
—_
=
w
A4

Integral

Derivative

X = AX + Bu >

X3 X3

d/dt

»

(©)

Fig. 4. Block diagram for PID control proposed: (a) control by lateral displacement of the cabin; (b) control
by the velocity of lateral displacement of the cabin; (¢) control by cabin lateral acceleration.

3. Results and Discussion

The numerical simulations were carried out taking into account the parameters described in Table
1 [7,35]. In Fig. 5, it is possible to observe the variations in the displacement and acceleration levels
that the cabin reaches without the introduction of active control.

Table 1. Parameters for numerical simulations

Parameters Unit Description Value
M, kg Mass of the cabin 1120
Meq kg Mass of the suspension system 17.5

b, N.s/m Damping coefficient of the suspension 668.21
b, N.s/m Damping coefficient of the cabin 2058.2
kq N/m Stiffness coefficient of the guide rollers 250000
k, N/m Stiffness coefficient of the suspension 19027
ks N/m  The stiffness coefficient of the spring is equivalent to the tilting motion of 1902700
the cabin
a m External excitation amplitude 0.01
W rad/s External excitation frequency 31.4159

To determine passenger comfort levels, the compensated acceleration (a,) and estimated
vibration dose value (eV/DV') were considered in accordance with the following standards ISO 2631
and BS 6841 [42- 43].

Marcos Gongalves (Active Control System Applied to Vibration Level Control in High-Speed Elevators)
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Fig. 5. Elevator without active vibration control. (a) displacement. (b) acceleration
Compensated acceleration can be obtained from the Equation as

1/2
ay = <Z (Wiai)2> ©)

4

where W; is the compensation factor, and a; is the acceleration in rms. Table 2 shows the
compensation values used in a,,,.

Table 2. Compensation values used in a,,

Frequency [Hz] W,(x 103) W,(x 103) Frequency [Hz] W,(x 103) W, (x 103)

1 482 1011 10 988 212
1.25 484 1008 12.5 902 161
1.6 494 968 16 768 125

2 531 890 20 638 100
2.5 631 776 25 513 80
3.15 804 642 315 405 63.2

4 967 512 40 314 494

5 1039 409 50 246 38.8
6.3 1054 323 63 186 29.5

8 1036 253 80 132 21.1

The estimated vibration dose value (eVDV') was calculated by the following equation as
1/4
evov = ((14ay,,.)") (10)

where eV DV represents the estimated vibration dose value [m/s'7%], a,, represents the compensated
acceleration according to direction, and in rms (m/s?), and t the exposure time (seconds).

The level of exposure to vibration can also be estimated by calculating the root mean square

(rms) as
rms = (%Z aiz) (11)

To determine the gains of the PID control, the Ziegler Nichols method and the use of the “Tuner”
command of the Simulink were considered. The gains calculated for the PID control, considering the
displacement control, were: k, = —2212575.41, kg = —172909.07 and k; = — 2779520.02. In
Fig. 6, it is possible to observe the variations in the displacement and acceleration levels that the
cabin reaches and the variation of the control signal. As can be seen in the results presented in Fig.
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6, displacement control significantly reduced the acceleration and displacement of the cabin in
comparison to the system without active control.

DA
H\HHH\\HHHIHHMHH!HHHH\MHWHIH

Fig. 6. PID control by displacement. (a) displacement. (b) acceleration. (¢) control signal

The gains calculated for the PID control considering the velocity control were: k,, = 801429.83,
ks =10.42 and k; = —148194505.47. In Fig. 7, it is possible to observe the variations in the

displacement and acceleration levels that the cabin reaches and the variation of the proposed control
signal.

As can be seen in the results presented in Fig. 7, velocity control was more effective than
displacement control in reducing acceleration and cabin displacement.

The gains calculated for the PID, considering the control by the acceleration, were given by:
ky =0, kg = 0 and k; = —5281537.69. In Fig. 8, it is possible to observe the variations in the
displacement and acceleration levels that the cabin reaches and the variation of the control signal.

As can be seen in the results presented in Fig. 8, acceleration control was more effective in
reducing acceleration than displacement and velocity controls, but it was less efficient than velocity
control in controlling displacement amplitudes. Considering passenger comfort as the objective,
according to the numerical results presented, the control based on acceleration is the most
recommended.

Fig. 9 shows the variations in the displacement and acceleration levels reached by the cabin and
the variation of the control signal for the three strategies analyzed in this paper. As can be seen in
Fig. 9(c), the three proposed control strategies used practically the same force amplitude in the
control of lateral vibrations, demonstrating that an actuator can meet the demand of vibration control
based on any of the three strategies.
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Fig. 9. PID control signals: (a) displacement, (b) acceleration, and (c) control.

Table 3 presents the main parameters to be considered in the analysis of control proposals.

Considering the data presented in Table 3, the control strategy that allowed the best level of comfort
for passengers was the control by acceleration.

Table 3. Analysis parameters of the proposed controls

Compensated Estimated
Control Acceleration RMS accelerlz,l tion (a,,) vibration dose Range of
/Results (apms) [m/s?] 5 w (eVDV) displacement [m]
[m/s°] 1,75
[m/s 73]
agg;:f;&’oyn 0.002064 0.000844 0.002499 0.0000063
C“;;t(f‘c’iltgy 0.002343 0.000958 0.002837 0.0000068
dggg‘ég’e’;ﬁ 0.062009 0.025361 0.075087 0.000204
No control 0.242328 0.099112 0.293435 0.002846

4. Conclusion

The numerical results presented showed that the active control strategy that allowed the best
passengers’ comfort level was the control by acceleration. The control by acceleration presented

approximately a 99.1% reduction of the acceleration RMS, resulting from the proposed strategy that
considers a 90% reduction of the acceleration in the controlled system.

As can be seen in Table 3, control strategies that use acceleration or velocity as control parameters
significantly reduced displacement to levels below the 10% considered for control by displacement.
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It can also be seen in Table 3 that the reduction in acceleration RMS for acceleration-based control
was approximately 99.1%. For displacement control, the reduction was approximately 74.41%.

The advantage of applying the PID control strategy using the acceleration variation, in comparison
to other strategies, such as the SDRE proposed in [35], and the LQR proposed in [7], for example, is
that the control by the acceleration proposed in this paper, we can get the signal directly from the
sensor (accelerometer), without the need to integrate twice to get displacement and position, which is
necessary for SDRE control and LQR control.

In future works, the use of a magnetorheological damper to control vibration will be considered.
The current to be applied to the damper coil is determined according to the force estimated by the PID
control proposed in this paper, a strategy similar to that presented in [7].
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