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ABSTRACT

Multistory car parking systems are a solution that brings many benefits, especially in urban areas as the
number of cars increases. This study investigated the elevator of a multistory car parking system to
determine the balance coefficient to reduce driving power and the influence on braking torque. The
parameters were calculated based on the establishment of a planning matrix and using the calculation tools
and the Taguchi method in the Minitab software. A formula was developed to calculate the braking torque
of an elevator, considering the coefficient of the balancing system to ensure optimal driving power. The
balance coefficient and the necessary braking torque were determined and the power was reduced by
17.5% while the braking torque was increased by 13.4% compared to the conventional method.
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I.  INTRODUCTION

As the number of cars increases and there are fewer and
fewer parking spaces, the city traffic increases [1]. Therefore,
research on multistory car parking systems is necessary [2-4].
Multistory parking car systems are a solution that brings many
benefits, especially in urban areas. Many studies investigated
parking types and multistory car parking systems, conducted
kinematic and dynamic analyses, and applied finite element
methods [3-4]. In [5], two automatic systems were investigated
to find the causes of accidents and damage. In [6], the
dynamics of the freight elevators were analyzed to find the
acceleration of the movement and propose recommendations to
increase efficiency. In [7] a similar problem was investigated,
which is the dynamic analysis of vertical transport machines in
mining.

In [8-12], some structural solutions for parking car systems
were proposed. In [8], a mechanical device was proposed for a
multi-story parking system using a lift table. This type of lifting
structure has the advantage of not needing anti-sway guidance
when lifting but has the disadvantage of a limited lifting height.
The invention in [8] also used a self-propelled table-type lifting
device running underneath to load the vehicle. This type of
system structure is suitable for basements with limited transport
height. The invention in [10] is a multistory parking solution
with 2 entry and exit lanes, and each module has an
independent lift to load and unload cars vertically. This has the
advantage of a fast vehicle loading time and the disadvantage
of having to arrange many elevators. In addition, it does not
arrange a balancing system when the lifting height is large, thus
affecting the engine's driving power. The multistory parking

car tower in [11] is a structure that uses a central elevator and
the counterweights of the balancing system are inserted into the
guide columns. This type of structure is suitable for height
development due to the balanced system arrangement, but the
number of cars on one floor is limited. In [12], a pallet locking
system was proposed, which is used to lock car parking pallets
with or without vehicles in a multistory car parking system.

Figure 1 describes the structure of a tower car parking
system, with a lifting mechanism used to raise and lower the
sliding frame to the corresponding floors. The counterweight
and the cable are part of the elevator balance system. This
system balances the weights of the sliding frame and the
vehicle. The counterweight moves inside the guide column.
The proposed design option, shown in Figure 1, allows
transport to high altitudes, saving energy due to the balanced
arrangement of the system. In addition, the elevator allows for
winch transport to multiple parking locations on each floor. In
[13], a method was proposed to determine the weight of the
cabin and the counterweight of the elevator balancing system.
However, this study did not mention the influence of the
braking torque or the method for determining it. The load
carrying capacity and the weight of the counterweight and the
cabin when unloaded are the technical basis for calculating the
balance coefficient of the elevator, which is obtained by
dividing the difference between the total weight of the
counterweight device and the car when unloaded by the rated
load capacity of the elevator. In [14-15], it was proposed that
the balance coefficient of passenger elevators should be from
0.4 to 0.5. Therefore, the balance coefficient for elevators in
multistory car parking systems does not have capacity
optimization guidelines such as passenger elevators.
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Fig. 1. Tower

car parking
2. Winches, 3. Counterweight, 4. Sliding frame, 5. Rotating mechanism,
6-7. Car push and pull system, 8. Cable.

system: 1. Sliding guide column,

The choice of the drive diagram and the weight of the
components of the balancing system, in addition to greatly
affecting the driving power, also affect the required braking
torque. Moreover, the braking time and distance need to be
guaranteed. This study aimed to determine the counterweight
through the balance coefficient to ensure optimal driving
power. Then the expression for calculating the elevator braking
torque was established, taking into account the factors of the
balancing system. The experimental research method
calculated the parameters based on a planning matrix, the
Taguchi method, and the Minitab software. The Taguchi
method was also used in [16-19]. The results of the study
helped determine the balance coefficient and the braking torque
required according to the optimal power of elevators in tower
car parking systems.

II. CALCULATION METHOD

A. Power and Balance Coefficient

There are two specific working states of the elevator,
including the full load case, braking when lowering the slide
frame at the bottom (Figure 2(a)), and the unloaded case,
braking when lowering the counterweight at the bottom (Figure
2(b)). Ignoring the auxiliary forces, the dynamic load
components, and the weight of the lifting cable, the unbalanced
weight in the case of a load is (G;+G;,-G;). The unbalanced
weight in the unloaded case is (G3-G;). When considering the
unbalanced weight in two equal cases, the following equation
arises:

G3 = 0.561 + GZ (1)

where G is the weight of the car (N), G; is the weight of the
sliding frame (N), and G; is the weight of the counterweight
(N). In calculating passenger elevators, the weight
counterweight is determined by the balance coefficient y [14-
15]. The weight of the counterweight is given by:

Gz =G, + G, (2)

where y is the balance coefficient. In the design of passenger
elevators, the balance coefficient y is in the range of 0.4 - 0.5
[14-15]. In a multi-story parking car system, the weight of the
car varies according to its type, but the difference is not much.
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Fig. 2. Calculation diagrams: (a) in the case of full load, brake when

lowering the sliding frame at the bottom, (b) in the case of no load, brake
when lowering the counterweight at the bottom.

When excluding the effect of dynamic load, in the case of
full load and braking when lowering the sliding frame at the
bottom, the power is calculated according to (3). In the case of
no load and braking when lowering the counterweight at the
bottom, the power is calculated according to (4):

S,-5 Wins+YHg+Gq (1—
1:21 _ WinstyHg+G1( W)v 3)
1000n 10007
_ 52751 _ YG1tYHg—Wms (4)
2™ 10009 10007

where §; is the small tension force (N), S, is the large tension
force (N), v is the lifting or lowering speed (m/s), y is the cable
density per meter (kg/m), g is the gravitational acceleration
(m/s?), W, are the auxiliary barrier components (N), H is the
design lifting height (m), and # is the system's performance.

5O

Fig. 3. Drive diagram of the winch: 1. Friction drum, 2. Screw wheel,
3. Screw shaft, 4. Brake, 5. Motor.
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B. Determining the Braking Torque while taking into Account
the Balancing System Factors

In the general case of braking when lowering the sliding
frame with full load (Figure 2(a)), the mechanism driving
diagram is shown in Figure 3. Kinetic energy AKE is
determined by:

AKE = Iy N Iy, N Iz + 154 + 15 2 (G, + G)v?
2i2,  2iZ, 2 mn 2g
2 2
+YHV _ (Ga+yYGy)v 5)

29 29
where I, and I; are the moments of inertia of worm gear 2 and
worm shaft 3 (kgm®), Is and I,s are the moments of inertia of
the brake wheel and englne rotor (kgm ), I; is the drum
moment of inertia (kgm ), i»3 is the transmission ratio, and w,,
is the angular velocity at the brake axis (rad/s).

The potential energy 4PE, of the cable suspending the load

when it changes position from y; = H - s to y, = H is
determined by:

APE, =yg [JPydy =7 [H* = (H=5)"]  (6)

where s is the braking distance, and y is the position of the
considered part (m). The potential energy APE,, of the
counterweight suspension cable when it changes position from
Yip =S to y,, = 0is given by:

APE;, =yg [} ¥ ydy = —*7s” 7

The potential energy APE of the system in Figure 2(a) is
represented by:

APE = (Gy + Gp)s + 27 [H? — (H — 5)*] -
(G, +YGy)s — @sz ®)
The movement of sliding frame 4 and counterweight 3
(Figure 1) is in the vertical direction, so the energy change due
to braking is the sum of changes in kinetic and potential energy

and other work on the system. Therefore, the energy change AE
(N/m) can be written as:

AE = AKE + APE + AW, )

where AW, is the input to the system due to secondary
resistances. Substituting into (9):

AE = 1 N Iy, N Iz + 154 + 15 2 (G, + Gp)v?
2i2, ' 2i%, 2 m 29
YHV? (G2 +Gy)v?
—Zg —Zg + (Gl + Gz)s
+[H? = (H = 5)°]
—(G2 + YGy)s =T 5% = Wpygs (10)

Assuming rotation speed from the initial value w,, lifting
speed v, and final speed w,, =0, v = 0. It is assumed that the
braking process slows down the speed uniformly. The distance
the sliding frame will travel down during deceleration due to
braking is deduced from the acceleration formula a = ds/dt?
at the initial conditions s(0) = 0 and ds(0)/dt =

Calculating the same math for the Figure 2(b) diagram
gives:

AE = ( n Igo n 193+1g4+15) 2 Gov?
i2
2123

m

2i53 29
+ (G2+1Gy)v? + yHV? Gys — Y9 2
29 29 2
Yg 2 2
+7[H — (H—5)*]1+ (G, +YG)s + W,.s (11)

The work done W to brake or stop a mechanical system is
in equilibrium with the total energy change AE, transformed
and calculated by:

W= f (W, — at)Tdt =T (w,y, — —)t =AE (12)

where a is the rotation angle of the active brake (rad), ¢ is the

braking time, and #; = 0, ¢, = #(s). In the case of braking, the

speed decreases from w,, to zero. Assuming the braking torque

is constant and that the speed when braking is gradually

slowing down, the required braking torque 7 (Nm) is given by:
24E 24E

7= 22 __2E (13)

(wmt+we)t wmt
where o, is the angular velocity at the end of braking (rad/s).

C. Test Method

Figure 4 describes the calculation method and numerical
experimental procedure, using the established analytical
formula to calculate driving power and braking torque,
considering the influence of the balancing system.

Develop analytical formulas to calculate driving power
and braking torque considering the influence of the
balancing system.

Set up experiments for the response function as driving
power, and braking torque including independent
factors, orthogonal array, and response values.

Evaluate the influence of parameters on the response
function through the S/N ratio.

'

H Determine reasonable power. H

'

Analyze and find reasonable parameter values
through the S/N ratio.

'

Calculate the response value from reasonable
parameters.

Fig. 4. Computational method and numerical experimental procedure.

Table I shows the factors of the test example. The test
parameters include the counterweight, the balance coefficient,
the braking time, and the lifting height. Table I shows the
survey parameters and value levels. The response functions are
driving power N;, N, and braking torque 7;, T,. The planning
matrix is selected according to the Taguchi method and
Minitab software. Table III shows the L16 planning matrix
used for experimental analysis.
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TABLE L. INDEPENDENT PARAMETERS
Parameter Symbol Value Unit
Weight of the car G, 25500 N
Weight of sliding frame G, 16000 N
Moment of inertia of worm wheel 2 I, 0.295938 kgm2
Screw moment of inertia 3 I 0.000757 kgm2
Brake wheel moment of inertia 1oy 0.192668 kgm2
Engine rotor moment of inertia I 0.082 kgm2
Moment of inertia of friction drum I 31.462 kgm®
Cable weight per 1 meter long y 3.96 Kg/m
Lifting or lowering speed v 1 m/s
Gravitational acceleration g 9.81 m/s’
Transmission ratio b 39.6
The secondar.y .res1stance moves the W, 2800 N
sliding frame

TABLE II. FACTORS AND VALUE LEVELS
Value level Range
Influential factors Code 1 2 3 4 of
change |
Balance coefficient y X 03]105]07]09 0.6
Braking time #, s X2 1 2 3 4 3
Lifting height H, m X3 10 15 20 25 15
TABLE IIL EXPERIMENTAL DESIGN USING L16
ORTHOGONAL ARRAY
T, T, N; N
N " 2 Bl oNm) | Nm) | kW) | kW)
1 1 1 1 158.5 126.5 22.82 5.7
2 1 2 2 131.2 100 23 5.9
3 1 3 3 122.8 92 23.3 6.11
4 1 4 4 119.3 88.5 23.5 6.32
5 2 1 2 122.7 161 17.53 | 11.45
6 2 2 1 95.6 132.4 17.32 11.23
7 2 3 4 89.4 126.9 18 11.87
8 2 4 3 83.5 120.8 18 11.87
9 3 1 3 87 196.3 12.41 17.2
10 3 2 4 63.1 170 12.41 17.41
11 3 3 1 50.8 156.6 | 11.78 | 16.78
12 3 4 2 47.8 153 12 17
13 4 1 4 50 231 6.87 22.96
14 4 2 3 26.5 202 6.66 22.75
15 4 3 2 17.34 191.5 6.66 22.53
16 4 4 1 12 185.5 6.23 22.32

The Signal to Noise (S/N) ratio for the problem is given by:
S/N =—-101g (3 %8, V2) (14)

where u is the experimental sequence number, 7 is the number
of experiments, and Y; is the response value Y;= N,, Y; = T;. The
influence of the parameters was calculated, and the results were
analyzed to choose a reasonable value with the response
functions. At first, the driving power N; was calculated. Then,
brake torque 7; was calculated and selected according to
reasonable driving power parameters.

III. RESULTS AND DISCUSSION

A. Results

The Minitab software was used to calculate and create the
graphs. The amount of counterweight G;, through the balance
coefficient y, has a decisive influence on the driving power.
The driving power in the full-load case N; varies inversely with

the power in the no-load case N, when w = 0.3 — 0.9. The
reasonable power value in Figure 5 was determined to be N =
14.6 kW, and correspondingly in Figure 6, a reasonable
balance coefficient was obtained according to the capacity N =
14.6 kW as y = 0.61. y was chosen as 0.61 according to the
reasonable capacity corresponding to the S/N ratios of -36
(Figure 7) and -43.3 (Figure 8). With the corresponding S/N
ratios, the braking time is r = 2 s, and the design lifting height
according to the technical requirements / = 18 m. Acceleration
is @ = 1 m/s%, and the braking distance when lowering is s = 1
m. Table IV shows the calculation results with the balance
coefficients in [14-15], using (1), (2), (13) with w = 0.5 and
reasonable values, finding that the power decreased by 17.5%,
while the braking torque only increased by 13.4%.
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Fig. 5. Determining reasonable power.
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Fig. 6. Influence parameters on driving power N;.
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Fig. 7. Analysis of the influence of S/N ratios on braking torque, when
braking lowers the fully loaded sliding frame at the bottom.
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Fig. 8. Analysis of the influence of S/N ratios on braking torque, when
braking raises the unloaded sliding frame at the top.

TABLEIV. COMPARISON OF RESPONSE VALUES
N, N, T, T;
Parameter W (kW) (W) (Nm) (Nm)
Choosing according
to the usual method 05 17.7 11.6 7 134
Reasonable value 0.61 14.6 152
Compare results +22% -17.5% +13,4%

B. Discussion

Analyzing the S/N ratio shows that the braking torque is
most heavily dependent on the amount of counterweight
through the balance coefficient. Then there is the braking time.
Lifting height has little effect on power and braking torque.
Choosing a reasonable balance coefficient will contribute to
saving energy for multi-story parking car systems. The
influence of a car's weight on the balance coefficient requires
further evaluation. However, the power and braking torque
values in this test considered the maximum value of the car
weight, so they can meet the working requirements of the
elevator. The parameters of the balancing system also affect the
traction capacity of the friction drum. The pull capacity of the
winch can be adjusted by a reasonable cable groove on the

friction drum and the cable embrace angle on the friction drum
without changing the balance coefficient.

IV. CONCLUSION

This paper presented a method for determining the weight
of the counterweight in a tower car parking system, through the
balance coefficient to ensure optimal driving power and
established an expression to calculate elevator brake torque,
considering the elements of the balanced system. The
calculation method to determine the balance coefficient to
optimize power and braking torque was based on a planning
matrix, Taguchi analysis, and Minitab software. The results of
the experimental calculations of the parameters to select an
optimal driving power were a balance coefficient y = 0.61,
acceleration a = 1 m/s%, and a braking distance when lowering s
= 1 m. Compared to the conventional method where y = 0.5,
the power was reduced by 17.5% and the braking torque was
increased by 13.4%. Choosing a reasonable balance coefficient
will contribute to saving energy for multi-story car parking
systems. The braking torque depends most heavily on the
amount of counterweight through the balance coefficient. Then
there is the braking time. Lifting height has little effect on
power and braking torque. Future research would be to apply
this calculation method to investigate the pull capacity of the
winch.
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