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Abstract. With modern computer systems equipped with relevant software tools / programs to 

automate the calculations, the systems analysis and design of lifts appears to be relatively 

straightforward. However, thorough understanding of engineering principles and models applied is 

of paramount importance in conducting the system calculations. This is critical in correct 

understanding of the assumptions applied in the safety standard formulae and requirements. In this 

context the importance of application of design / structural integrity criteria associated with the worst-

case scenario dynamic conditions, to achieve a system which complies with accepted safety code 

requirements, is discussed and appraised. The paper demonstrates this through practical examples 

involving traction-drive systems designed to operate across a range of system design parameters. 

1 INTRODUCTION 

The design of a lift system involves bringing individual components together to arrive in a complete 

vertical transportation system (VTS) which will comply with the requirements of safety standards 

and codes and will carry the required load at the required speed over the necessary travel [1]. 

In any manufacturing environment, the process of system design must start with a preliminary 

selection of equipment. In particular, in order to commence design calculations, there must be an 

initial selection of hoist machine and diverter/secondary pulley.  Selection of the machine must, in 

the first place, treat the machine as a structural member and will be based on the specified rated load 

and rated speed, together with an estimate of car mass based on the manufacturer’s product range. 

Having selected a machine with its traction sheave and diverter pulley, compliance with the minimum 

40:1 sheave/rope diameter ratio specified by EN81 will now determine a maximum permissible rope 

size.  

The design process is based on system calculations which involve the application of suitable models 

with the calculations based on engineering principles. The complete VTS is a dynamic system with 

time-varying loading conditions and parameters.   

The detail of the system calculation may well require a review of the initial equipment selection, since 

issues such as compensation and alterations to the balance factor may result in a total loading which 

exceeds the rating of the initially selected machine.  This simply demonstrates that in common with 

the majority of engineering systems, design is an iterative process, both in detail and overall.   

This paper demonstrates how simplified models are developed and applied in the system calculation. 
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2 SYSTEM DESIGN CALCULATION 

The principles of engineering mechanics form the foundation for system analysis and design of a 

VTS. The first stage involves the system identification by developing a physical model. Engineering 

systems, such as VTS, are often very complex and certain simplifying assumptions must be made 

beforehand. It is expected that the simplified model will then represent the behaviour of the actual 

system reasonably well.  

A simple model of a traction-drive lift system (without compensation) is presented in Fig. 1(a). The 

fundamental design calculation for the lift system involves the following parameters: 

• an estimate of the frictional characteristics of the traction system, 

• the rated load and speed,  

• an estimate of the masses/inertias of the various components in the hoistway and,  

• the maximum accelerations to be expected under normal and emergency conditions. 

This model may involve a number of simplifying assumptions. For example, in the first instance it 

can be assumed that:  

- the rail guides are perfectly rigid so that the car and the counterweight are constrained in the 

horizontal direction and can move freely in the vertical direction only;  

- vibration effects of the ropes/ car. counterweight can be neglected. 

In the fundamental analysis and system design calculations these assumptions and parameters are 

used to calculate the nature and mass of compensation means (if any) required to avoid slippage 

between the ropes and the driving sheave under defined conditions. For safety reasons, the systems 

calculation also seeks to guarantee that under some circumstances slippage between ropes and traction 

sheave must occur. 

Consider a schematic diagram of a simplified model of the lift system without compensation means 

shown in Fig. 1(a). The diagram in Fig. 1(b) shows the suspension rope tensions Tcar and Tcwt at the 

traction sheave at the car side and counterweight side, respectively. The angle of wrap of the ropes 

on the sheave is denoted as . In considering the system calculation, the procedure prescribed in 

EN81-50 clause 5.11.2 is to be followed so that the following inequality formulae, that originate from 

the Eytelwein-Euler equation [1], are applied:  
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for traction to be maintained during normal operation/ car loading and emergency braking conditions, 

or  
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                                                                                                                                          (2) 

for traction to be lost during car/ counterweight resting on the buffers (stalled conditions), where T1 

and T2 represent the greater and the lesser (T1 > T2) dynamic tensions in the suspension ropes at either 

side of the traction sheave (representing either Tcar or Tcwt respectively, depending on the loading 

/position in the hoistway conditions). In inequalities in equations (1-2) e = 2.718… is the natural 
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logarithm base, and f is the friction factor which depends on the coefficient of friction () as well as 

on the geometry of the rope – sheave contact configuration.  

The determination of traction requirements is the fundamental consideration in lift system calculation. 

As noted earlier, the maximum possible rope size is constrained by the sheave/pulley diameter(s) on 

the selected traction machine.  

The first step is the selection of suspension rope size. In order to make an initial selection of the rope 

size and number of ropes, the minimum safety factor needs to be established by considering the 

procedure in EN81-50 clause 5.12. Consider a low speed lift installation with the fundamental system 

parameters shown in Table 1, where the constant g = 9.81 m/s2 represents the acceleration of gravity.  

Table 1: Fundamental system parameters 

Load 

Q [kg] 

Car 

mass 

P [kg] 

Travel 

H [m] 

Traction 

sheave 

diameter  

Dt [m] 

Diverter 

pulley 

diameter 

Dp [m] 

Rated 

speed 

V [m/s] 

Normal 

acc./ decc. 

a [m/s2] 

V-groove 

Angle 

  [o(deg)] 

800 1000 25 560 560 1 0.1g 40 

 

The minimum required safety factor is determined by the formula given in EN81-50 clause 5.12.3 

which can be re-written as 
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where Neqiv is the equivalent number of pulleys, dr denotes the diameter of the rope.  

For the V-groove angle 
040 = , the equivalent number of pulleys is determined as [4] 

( ) ( )equiv equiv t equiv pN N N= +                                                                                                                  (4) 

where ( ) 10equiv tN =  and ( ) 1equiv pN =  so that 11equivN = . Consider using a standard rope size, dr = 13 

mm, giving a sheave/rope diameter ratio 43.08. Using 11equivN =  and 43.08t rD d =  in (3) the 

minimum safety factor is determined as Sf =  17.18.  

On the other hand the safety factor of the suspension means is defined as the ratio between the 

minimum breaking load of one rope and the maximum force in this rope, when the car is stationary 

at the lowest landing, with its rated load [2]. 
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Figure 1: Simplified model of a lift system 

The minimum breaking load for a 13 mm 8×19 S - FC [4] is Fbmin = 80.2 kN and the corresponding 

nominal mass per metre is approximately msr = 0.569 kg/m. The total length of the suspension ropes 

on the car side when the car is stationary at the lowest landing can be estimated as sr headL H l= +  

where an additional length in the headroom is added to the travel height. The ‘applied’ safety factor 

is then calculated as  

( )
minsr b

f

sr sr sr

n F
S

P Q n m L g
 =

+ +
                                                                                                                                          (5) 

where srn  denotes the number of ropes.  For compliance with EN81-50 clause 5.12.3 the following 

condition must be satisfied  
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from which the number of ropes required to give compliance may be calculated.  By using 4srn =  

ropes and 3.5 mheadl   (Lsr = 25 m+3.5 m = 28.5 m in (5)) the applied safety factor 𝑆𝑓
′
 is 
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determined as 17.54 which would be just adequate for the installation, provided subsequent 

calculations do not require an excessive increase in the well masses (e.g. due to the application of 

compensation). 

Next, the traction calculation should be carried out. In order to determine the critical traction ratio 

(defined as 
fe 

) one needs to apply appropriate values of the friction factor f. Consider the case of 

car loading and emergency braking and that the V-grooves have been submitted to a hardening 

process. In that case the following formula applies [3]:  

sin
2

f



=                                                                                                                                          (7) 

where the coefficient of friction is determined as 

0.1 - for normal operation/ loading conditions

0.1
=0.091 - for emergency braking conditions

1
10
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=

=
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                                                                (8) 

The friction factor is then calculated as 0.2924 and 0.2658, for the loading condition and emergency 

braking condition, respectively. To determine the angle of wrap  let’s consider the diagram shown 

in Fig. 2. 

 

Figure 2: Traction sheave and diverter pulley geometry 

If the diameters of the traction shave and the diverter pulley are assumed to be the same t pD D D= =  

with the distance between the rope centres denoted as , the angle of wrap is determined in terms of 

the vertical separation, h, of the sheave – diverter pulley and  as 1tan
D

h


  − − 
= −  

 
 [1]. Consider 

that the rope centre distance is provided in the installation specification as  = 1150 mm whilst the 

vertical separation is h = 700 mm. The angle of wrap is then determined as 139.87o = . The critical 

traction ratios are then calculated as 2.04 and 1.91 for the loading condition and emergency braking 

condition, respectively. 

According to the code requirements [2], the applied static traction ratio should then be evaluated for 

the worst-case depending on the position of the car in the well with 125 % of the rated load. Consider 

the static applied traction ratio with the car at the bottom landing. Assuming the balance B = 0.45, 

the tensile forces in the ropes at the traction sheave end/ diverter pulley end are determined as follows 



−

h



D

D
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The corresponding applied traction ratio is then determined as 1

2

1.51 < 2.04
T

T
= . Thus, it is evident 

that traction in this scenario will be maintained. 

In the case of emergency braking condition, the applied dynamic ratio is be evaluated for the worst-

case depending on the position of the car in the well and the load conditions (empty, or with rated 

load). The calculation in the case of emergency stop at the deceleration rate of ab = a = 1 m/s2 near 

the bottom landing whilst a full car is travelling downwards is given below. 

( ) ( )

( ) ( )

1

2

20.159 kN

12.052 kN

sr sr sr b

sr sr head b

T P Q n m L g a

T P BQ n m l g a

= + + + =

= + + − =
                                                                          (10) 

The corresponding applied traction ratio is then determined as 1

2

1.67 < 1.91
T

T
=  so that it is evident 

that traction will be ensured in this case as well. 

3 DYNAMIC TRACTION UNDER ADVERSE DYNAMIC CONDITIONS (RESONANCE 

VIBRATION) 

Consider the longitudina elasticity (stiffness) EA of the suspension rope, where E is the modulus of 

elasticity and A denotes the metallic cross-sectional area of the rope, and vertical (longitudinal) elastic 

deflections (vibrations) xcar , xcwt of the car and counterweight, respectively, induced by small vertical 

motions (oscillations) s(t) of the machine/ traction sheave assembly (see Fig. 3). This can be 

represented as a base motion excitation and an adverse situation arises when the car/ counterweight 

are excited at their natural frequency and vibrate periodically at large amplitudes. Such adverse 

resonance condition may occur due to seismic excitations [5], for example.  

For the scenario when the base excitation has been introduced when the car with 125 % of the rated 

load is stationary at the bottom landing (see the system calculation above), a simplified model to 

represent the dynamic behaviour of the system can then be given by equation (11)  

                                                     (11) 

where 
/car cwteqM  represent the well equivalent mass at the car/ counterweight sides. The quantities 

/ /car cwt sr car cwtk n EA L=  denote the coefficients of elasticity, where /car cwtL  define the length of the 

ropes, at the car/ counterweight sides, respectively. Viscous friction model is used to quantify the 

amount of friction in the well, and /car cwtc  represent the coefficients of viscous friction at the car/ 

counterweight sides, respectively. 

Considering that the base excitation is harmonic max sins s t= , equations (11) can be re-written as 

                     (12) 
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where /car cwt  denote the natural frequencies of vibrating masses at the car side/ counterweight side 

and   is the damping ratio [6]. Equations (12) can be solved for the dynamic responses (vibrations) 

( )/car cwtx t . 

 

Figure 3: Simplified model of a lift system subjected to base excitation 

The vibration effects on the dynamic traction ratio are then evaluated by considering the dynamic 

tensions in the ropes as  

/ 0 / / /car cwt car cwt car cwt car cwtT T k x= +                                                                                                            (13) 

where 0 /car cwtT  are the static/ quasi-static tensions in the ropes. 

The rope lengths are then determined as car headL H l= + , cwt headL l= , and the static tensions 0 /car cwtT  

are given by equations (9). By considering that the modulus of elasticity of a stranded wire rope with 

a fibre core lies in the range of (0.7 – 1.0) × 105 N/mm2 the longitudinal elasticity of one rope is 

determined as 5040.5 kNEA =  where E = 0.85 × 105 N/mm2  and A = 59.3 mm2 (for 13 mm 8×19 S 

- FC rope [4]) are used. The damping ratio is assumed to be 0.1 =  so that equations (12) can be 

solved to determine the dynamic responses, followed by calculation of the dynamic tensions from 

(13).  

The dynamic response is determined from equations (12) by numerical integration. Fig. 4 then shows 

the dynamic tensions in the suspension ropes when the amplitude of base excitation is smax = 0.15 

mm and the frequency of base excitation is 10 Hz. It should be noted that this frequency is close to 

the natural frequency of the suspension ropes at the counterweight side, which results in vibrations 

that may compromise traction leading to counterweight jumps [1]. A plot of the corresponding 

dynamic traction ratios is shown in Fig. 5. 

M

Mcwt

car

x
cwt

x
car

s(t)

cwtk

cark



19-8 10th Symposium on Lift & Escalator Technologies 

 

 

 

Figure 4: Dynamic tension in the suspension ropes  

It is evident from Fig. 5 that after about 0.29 s the dynamic traction ratios reach the critical value and 

the system might instantaneously be subjected to traction problems, despite the fact that the standard 

system analysis predicted that traction is maintained. 

4 CONCLUDING REMARKS 

The system analysis involves calculations that follow the safety code requirements. These 

calculations are essential to design a system which complies with accepted safety standards. With a 

number of commercial/custom-designed software tools/programs to automate the calculations 

available, the designer is able to arrive at desired results for standard scenarios. However, correct 

understanding of engineering principles and the assumptions applied in the safety standard formulae 

is essential to understand the limitations of the results. This aspect is demonstrated through the 

analysis of resonance condition scenario when the dynamic traction, to comply with European safety 

standards, needs to be evaluated by rigorous engineering procedure. 
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Figure 5: Traction ratios 
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