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Abstract. The article presents the impact of variable operating conditions on the value of braking 
process delay for the progressive gears of PP16 type and the newly constructed CHP2000 gears. 
Tests were conducted in the regular working conditions with the application of mineral oil as 
lubricating agent. Values of delays were recorded for the loading of 400 and 1000 kg. This 
research study presents the recurrence plot analysis to investigate variability of received test runs. 
The results may be useful for testing new solutions brakes in varying conditions of service and 
may set new directions of research in the discussed topics. 
Keywords: safety gears, nonlinear dynamics, recurrence analysis, elevators. 

1. Introduction 

The brake systems belong to the most important systems of all technical constructions. Friction 
gears are equipped with two types of brakes (gears): instantaneous and progressive ones. Many 
authors [1-7] touch the aspects related to the friction gears construction and operation. In most 
cases, the papers described in the literature refer to instantaneous brake systems. With respect to 
the characteristics of their operation they require to apply the safety coefficients of 3rd order. The 
topic of the progressive gears construction and operation is brought up by the authors in the papers 
[8, 9]. The authors used the numerical modeling and analyzed the impact of a gear construction 
on the length of braking distance. The wavelet analysis to investigate the pressures received in the 
engine chamber is described by the authors in publication [10]. Nevertheless, the world literature 
providing descriptions, analyses and mathematical models of progressive gears represents 
deficiency of information. Thus, it is justified to perform research studies within the impact of 
variable loading and operating conditions on the progressive gears braking process.  

2. Experimental tests results 

Below presented research study illustrates the possibility to apply the recurrence analysis to 
evaluate the delay value for the progressive gears. It refers to the gears subject to variable loadings 
and operating conditions. Free fall method, in dry conditions (without lubrication) and with 
RENOLIN B20 oil applied, was used in the tests. A test bench, the scheme of which is presented 
in Fig. 1 and 2, was used to perform the tests. 

Free fall of the friction elevator was simulated during the tests. In order to that the carrying 
ties were broken off. In the frame of the system No. 6 the bodies No. 1 were installed in turn 
together with PP16 and CHP 2000 gears respectively. The guides No. 7 were mounted in the test 
bench construction. The frame loading the gears was moving along the guides. The gears and the 
frame were coupled with the system to control the free fall speed. The system had a task to initiate 
the braking process once the nominal value of speed was exceeded by 0.3 m/s. The measurement 
of braking parameters was recorded by an accelerometer of MMA7341LC type. It was 
manufactured by Pololu 5 company. This device was coupled with PC class computer. Apart from 
„ܽ௢௣” delay parameter also the “ݏ” free fall distance was recorded. The free fall distance was 
recorded with an optical sensor of CFR-22 type. The sensor was manufactured by Sensor  
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company. The sensor possessed a graduation that was scaled every 10 mm. It was placed on the 
slat No. 4. Once the free fall was initiated, a lever of the gear No. 2 hit a clamp of the line No. 3. 
In consequence the braking process was started. The height of free fall, at which the frame system 
should have been placed, was defined via an empirical dependence. That was the empirical 
dependence between potential and kinetic energy. The calculated value of the free fall height was 
250 mm – This dependence is presented in Eq. (1): 

݄ = ଵଶ2݃ݒ ൅ 0.1 ൅ 0.03, (1)

where: ݄ – the free fall height [m], ݒଵ – the speed of the gears release, 1.25 [m/s] value accepted 
for tests, ݃ –the acceleration of gravity – 9.81 [m/s2], 0.1 – the delay coefficient of the gears 
activation [-], 0.03 – the excessive clearance coefficient in the brake system according to [11] [-]. 

Fig. 1. The test bench scheme 
 

Fig. 2. The test bench scheme 

All measuring tracks were coupled with LABVIEW 9215 measuring card. The card was 
connected with PC class computer. Data was recorded on the computer. 

Braking distance dependencies for tested gears received via the experiments are presented in 
Fig. 3. 

While analyzing the characteristics obtained in the experiment the influence of operating 
conditions on the value of braking process delay can be noticed. The maximum values reaching 
130 m/s2 with lubrication applied were received for the gears of CHP 2000 type and with 1000 kg 
loading. For the same gears type but without lubrication the values of delay reached 110 m/s2. The 
values of delay 90 and 105 m/s2 were reached respectively for the loading of 400 kg. During tests 
the gears of PP16 type demonstrated more fixed characteristic. It is reflected on the plots. The 
maximum values reaching 130 m/s2 with lubrication and 1000 kg loading were obtained for the 
gears of CHP 2000 type. For the same gears type but without lubrication the values of delay 
reached 128 m/s2. The values of delay 125 and 120 m/s2 were reached respectively for the loading 
of 400 kg. 

3. The analysis of recurrence 

Originally, the analysis of recurrence was proposed by Eckmann in 1987 [12]. It was presented 
as a new graphic tool to identify time dependencies in dynamic systems. It looks for the presence 
of the same dynamical system conditions in successive time periods. It means that, if two points 
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on trajectory in phase space are close enough to each other they are marked as “the recurrence 
points” [13, 14]. If dynamics is periodic the number of recurrent points increases. If it is non-
periodic or stochastic dynamics, then the number of recurrent states decreases or disappears. This 
method has been widely used in many fields, especially in physiology, technical science or 
economics where periodicity can be observed and identified in short time scales or/and with 
presence of noise [13-20]. In nonlinear time series analysis, all phase space coordinates can be 
used if available or the phase space can be reconstructed from one-dimensional time series with 
the use of embedding theorem by Takens [21]. Let us have ݕሺݐሻ time series of ݊ length. On its 
basis the ݉ dimensional reconstruction of phase space can be done: ݕ = ሾݕሺݐሻ, ݐሺݕ − ߬ሻ, … , ݐሺݕ − ሺ݉ − 1ሻ߬ሻሿ, (2)

where ߬ means time delay, and ݉ stands for the phase space dimension. Generally, any time delay 
can be selected. Nevertheless, due to too low value the respective constituents are strongly 
correlated with each other. On the other hand, too high value causes weaker correlation. Thus, it 
can lead to the loss of information about the system in short time intervals. 

a) b) 

c) 
 

d) 

e) 
 

f) 

g) 
 

h) 
Fig. 3. The results of measurements for acceleration of the gears braking process depending on the 

operating conditions and loading: a) CHP 2000 progressive gear with 1000 kg loading – operated with 
lubrication, b) CHP 2000 progressive gear with 1000 kg loading – operated without lubrication 

c) CHP 2000 progressive gear with 400 kg loading – operated with lubrication, d) CHP 2000 progressive 
gear with 400 kg loading – operated without lubrication, e) PP16 progressive gear with 1000 kg  
loading – operated with lubrication, f) PP16 progressive gear with 1000 kg loading – operated  
without lubrication, g) PP16 progressive gear with 400 kg loading – operated with lubrication,  

h) PP16 progressive gear with 400 kg loading - operated without lubrication 

Mutual Information method (ܫܯ) [22] is one of the methods to select optimal value of ߬. The 
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method takes into account nonlinear dependencies: 

ܫܯ = − ෍ ௜௝ሺ߬ሻlog݌ ௝௜௝݌௜݌௜௝ሺ߬ሻ݌ , (3)

where ݌௝ is the probability of finding the value from time series in ݅th interval and ݌௜௝ሺ߬ሻ is the 
probability after the time ߬ of the value from time series in ݆th interval (the number of intervals is 
16). The value ߬ is selected as the first minimum of MI function. In this case ߬ = 4. Then, the 
identified value of delay is used to determine a dimension of reconstructed phase space with False 
Nearest Neighbors Fraction (FNNF) [23, 24] method. It is an iterative comparison of the distance 
relation between neighboring points when dimension of reconstructed space increases: 

FNNF = ฮݕ௝ − ௝ݕ௜ฮ௠ାଵฮݕ − ௜ฮ௠ݕ , (4)

where ݕ௜ means a given point, and ݕ௝ its closest neighbour. If the relation received with the Eq. (4) 
is higher than a given value (in our case it is the value 2) then the number of false neighbors goes 
up. One of the means to select the ݉ embedding dimension is zero of FNNF function, in our case ݉ equals 5. It should be noticed that the embedded space dimension can be higher. In the space 
with higher dimension, the false neighbors also disappear. Periodicity of analyzed dynamics can 
be tested with the use of the recurrence analysis. This analysis, in opposition to the majority of 
statistical methods, can be used for short and non-stationary time series. If the distance between 
two points on the trajectory is small enough they are marked as neighboring ones. It can be 
expressed with a distance matrix, ܴ௜௝ఌ  elements of which are calculated with the following formula: ܴ௜௝ఌ = Θ൫ߝ − ฮݕ௜ − ,௝ฮ൯ݕ (5)

where ߝ means the highest value of distance, and Θ means Heaviside function. The number of 
recurrence points depends both on ߝ value and dynamics of the system. Usually, ߝ is selected in 
such a way so as the number of recurrence points equals to several percent. Fig. 4 presents the 
comparison between (RP) recurrence plots including 10 % of recurrence points received in the 
time series (Fig. 3). 

The recurrence plot can consist of diagonal lines, isolated points and vertical lines. Presence 
of different length diagonal lines gives evidence of periodic dynamics. Additional isolated points 
indicate non-periodic dynamics or noise. The vertical lines belong to the features distinguished 
for intermittent states. Comparing the recurrence plots presented in Fig. 4 the similarity between 
several examples but subject to different operating conditions (it is also visible in the chart in 
Fig. 3) can be noticed. White areas represent the fact that tested time series are non-stationary. 
The concentration of recurrence points in the lower left corner in the plots in Fig. 4(a), (b) and (e), 
(f) indicates more regular dynamics of braking process at the initial stage. Analogously, the 
clusters of recurrence points located in the upper right corner give evidence of higher regularity 
of the phenomenon at the final stage. They are clearly visible in the plot in Fig. 4(c), (d) but also 
(g), (h). It should be added that analyzed data comes from the test bench and it is influenced by 
noise. 

Visual analysis of recurrence plots can be helpful to identify the dynamics type. Nevertheless, 
more precise comparison can be received when the statistics of isolated points, diagonal and 
vertical lines [12] are used. 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
g) 

 
h) 

Fig. 4. The recurrence plots prepared for all analyzed accelerations: a) CHP 2000 progressive gear  
with 1000 kg loading – operated with lubrication b) CHP 2000 progressive gear with 1000 kg loading – 

operated without lubrication c) CHP 2000 progressive gear with 400 kg loading – operated with 
lubrication, d) CHP 2000 progressive gear with 400 kg loading – operated without lubrication, e) PP16 

progressive gear with 1000 kg loading – operated with lubrication f) PP16 progressive gear with  
1000 kg loading – operated without lubrication g) PP16 progressive gear with 400 kg loading – operated 

with lubrication h) PP16 progressive gear with 400 kg loading - operated without lubrication 
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– RR (Recurrence Rate) – the ratio between the number of recurrence points and the total 
number of points: 

ܴܴ = 1ܰଶ ෍ ܴ௜௝ఌே
௜௝ஷ௜ . (6)

– DET (Determinism) – the ratio between the number of recurrence points creating diagonal 
lines and the total number of points: 

ܶܧܦ = ∑ ݈ܲఌሺ݈ሻே௟ୀ௟௠௜௡∑ ݈ܲఌሺ݈ሻே௟ୀଵ . (7)

– LAM (Laminarity) – the ratio between the number of recurrence points creating vertical lines 
and the total number of points: 

ܯܣܮ = ∑ ∑ሻே௩ୀ௩௠௜௡ݒఌሺܲݒ ሻே௩ୀଵݒఌሺܲݒ . (8)

– LMAX – the longest diagonal line. 
– VMAX – the longest vertical line. 
 :the average length of diagonal lines – ܮ –

ܮ = ∑ ݈ܲఌሺ݈ሻே௟ୀ௟௠௜௡∑ ܲఌሺ݈ሻே௟ୀଵ . (9)

– TT – the average length of vertical lines: 

ܶܶ = ∑ ∑ሻே௩ୀ௩௠௜௡ݒఌሺܲݒ ܲఌሺݒሻே௩ୀଵ , (10)

where ݌ሺݖሻ means probability of the diagonal lines arrangement for ݌ሺ݈ሻ or vertical lines for ݌ሺݒሻ. 
The values ݈݉݅݊ and ݊݅݉ݒ mean a minimum length of diagonal or vertical lines (the following 
was selected: ݈݉݅݊ = ݊݅݉ݒ = 2). 

Table 1. presents the recurrence indicators for respective cases. 

Table 1. The analysis of recurrence quantification 
Case ߝ RR DET LAM LMAX VMAX L TT 

CHP2000-1000 OL 1.2 10 % 0.55 0.68 88 48 5 4 
CHP2000-1000 S 1.3 10 % 0.46 0.55 74 18 4 2 
CHP2000-400 OL 0.9 10 % 0.74 0.55 131 48 6 2 
CHP2000-400 S 1.1 10 % 0.84 0.77 165 109 13 14 
PP16-1000 OL 1.2 10 % 0.65 0.69 72 31 5 3 
PP16-1000 S 1.5 10 % 0.56 0.64 75 83 6 4 
PP16-400 OL 1.5 10 % 0.58 0.61 83 44 5 3 
PP16-400 S 1.3 10 % 0.61 0.44 47 23 4 2 

Comparing the values of recurrence indicators, quite high values of DET can be noticed. They 
reflect predictability of the system and give evidence of not big impact of measuring noise. It is 
worth mentioning that the highest level of determinism was reached for the experiment conducted 
with the use of CHP2000 type gears. Moreover, for lower loading (400 kg) determinism is lower 
with lubrication in comparison to the runs without lubrication. On the other hand, for the greater 
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loading (1000 kg) the runs of acceleration are more predictable while operated with lubrication. 
Presence of vertical lines can be also noticed. Relatively high values of laminarity (LAM) indicate 
the presence of vertical lines. At the same time, average lengths of diagonal and vertical lines are 
short. And, quite high LMAX and VMAX values indicate the determinism of analyzed process. 
Furthermore, they confirm the highest regularity of braking process for CHP2000-400 experiment.  

4. Conclusions 

This paper presents nonlinear methods used to analyze dynamics of the elevator braking 
process. Two types of the gears (CHP2000 and PP16) were investigated. Different loadings 
(1000 kg and 400 kg) were applied during tests. Moreover, they were working in various operating 
conditions (with and without lubrication). Time series of accelerations vibrations (400 measuring 
points) were used to reconstruct the space where the process periodicity was compared. It can be 
assumed that higher periodicity of braking process increases durability of the brake elements and 
provides better comfort for the passengers. Due to the recurrence analysis it was discovered that 
at the initial stage of braking process (the first 200 ms) the higher periodicity exists for the lower 
loading (400 kg). On the other hand, at the final stage of braking process (the last 200 ms) the 
higher regularity was observed for the higher loading (1000 kg). While analyzing the values of 
recurrence indicators, similar periodicity of braking process for PP16 gears was observed 
regardless of operating conditions. Yet, dynamics of the braking process for CHP2000 gears 
changes considerably together with changing operating conditions. Summing up, it seems that 
higher loading increases periodicity of the process. To confirm the conclusions, more systematic 
research studies with more experiment repetitions should be performed.  
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