Reliability and sensitivity analysis of multibody system due to uncertainty parameters: A case study of Addis Ababa Light Rail Transit (AALRT)

Abstract
A multibody system is one of the complex mechatronic system whose dynamic performance is influenced by its connected components and the mechanical structure. However, during the service life, the system is subjected to degradation of different components whose conditions may greatly impact the vehicles running characteristics like stability and reliability. The suspension system is one of the key systems which ensures that better and reliable running behaviors are achieved and hence any uncertain changes in its performance characteristics becomes of significant interest and must be treated with utmost attention. This research presents a relevant study on how suspension system degradation affects the dynamic performance and reliability of multibody rail vehicles and provides a model which can be applied to evaluate the performance of the vehicle at various levels of suspension design parameters.
 The vehicle is modelled using SIMPACK dynamic software, incorporated with track irregularities from maintenance data and using matlab to estimate various levels suspension design parameters. The dynamic performance of the vehicle is evaluated by using dynamic indexes like derailment coefficient and vibration sensitivity to assess the level of reliability and sensitivity of the vehicle. The results showed that the running safety reliability is more sensitive at low values of damping and stiffness of the primary suspension and stability is achieved as they increase while vibration sensitivity increases with increase in damping and stiffness values of both primary and secondary suspension. Furthermore, secondary suspension damping and stiffness greatly influence vibration sensitivity as opposed to primary suspension damping and stiffness which exhibits little influence on vibration sensitivity hence secondary suspension damping exhibits the greatest influence on vibration sensitivity while primary suspension stiffness exhibits the least influence on vibration sensitivity.
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[bookmark: _Toc121772998][bookmark: _Toc140834422]1. Introduction
1.1 Background
The transport sector is one of the key sectors that plays an important role in achieving sustainable development in the world through facilitating other sectors. With an increasing world population, environmentally friendly, energy-saving, safety, and cost-effective, railway transport is seen as a solution to solving public transport system challenges. Railway transport takes 8% of world passenger traffic and 7% of total freight transport but this accounts for only 2% of energy consumption in the transport sector(With, n.d.). This has encouraged the growth of demand for railway transport and is estimated to continue growing. For instance in Europe, the demand for rail transport increased by 10.7% between the years 2015 and 2019 according to a Eurostat statistics report(Explained, 2022).
In Africa, the railway transport system is not fully developed and funding is required to support such projects. The railway transport  coverage in Africa accounts for 5% of the global railway network and only 1% of the world’s passenger traffic and 2% of world freight traffic(Ababa, 2009)(Olievschi, 2013). However, due to railways being energy-saving, cost-effective, and environmentally friendly as it accounts for only 0.3% of direct carbon emissions released from the transport sector, railway transport is gaining prominence throughout the continent in a bid to boost their economies(With, n.d.). Railway transport is a heavy haul and safer mode of transport compared to transportation by road and this gives railway transport an advantage over road transport for development.
The railway system in Ethiopia dates back from the early days of 1897(Kozicki, 2015).This was a metre gauge railway line built to connect the capital city Addis Ababa to the red sea port of Djibouti where more than 95% of Ethiopia’s trade passes and covered a distance of 780km(Meseret, 2016).With the urge to modernize the railway system in Ethiopia under the National Railway Network of Ethiopia, this line was later replaced with an electrified one  and three more constructed, the Awash–Weldiya Railway , the Weldiya–Mekelle Railway and Addis Ababa Light Rail Transit which runs in the capital Addis Ababa covering a total distance of  34.3km.It consists of mainly two lines where one runs from Ayat to Torhailoch covering a distance of 17.4km and the second one covers a distance of 16.9km running from Menelik II to Kality. Addis Ababa Light rail Transit consists of 70% low floor railway vehicles with each train comprising of three carbodies supplied by Changchun Railway Vehicles co. Ltd(Vehicle, n.d.).
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[bookmark: _Toc138077922][bookmark: _Toc140062696]Fig. 1: The side view of a passenger railway vehicle at AALRT(Vehicle, n.d.).
In an effort to solve the problem of public transport and congestion in Addis Ababa, the light rail transit was constructed to cater for the transport needs of people, and thus certain parameters had to be put into consideration to ensure that the service life of the trains is prolonged, comfortable passenger experience and maximize return on investments. These parameters include reliability and sensitivity.
In the process of manufacturing the rail vehicle, sensitivity and reliability of some of the vehicle components is considered within a certain minimal tolerance. The dynamics of the railway vehicle constitute of a variety of uncertainty sources  during its service life which influence its reliability and sensitivity for instance passenger weight related where the actual loading of the carbody,wind force, curve negotiations, contact friction and the type of irregularities the system will be exposed to  may not be clearly predicted at manufacturing stage. At AALRT, wear has always been a major challenge which necessitates continuous wheel reprofiling. This results into lowering of the carbody height distance from the track. This problem becomes more significant especially during the peak hours where maximum loading is expected and leads to damage of some components of the vehicle especially the gangway.
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[bookmark: _Toc138077923][bookmark: _Toc140062697]Fig. 2: Damage to the gangway at AALRT.
The problem is solved by the placing washers of approximately 10mm in the suspension system to raise the height however the concern for how the dynamic performance of the vehicle is affected by such modifications is not always catered for. This problem is directly related to the suspension system deformation and other contributing factors like changing wheel diameter, flexibility of the suspension system and loading of the carbody. It introduces uncertainty in dynamic performance of the vehicle due to such modifications in the suspension system. Numerous sources of uncertainty are considered when designing and this implies that the results obtained only refer to single realisations which may never happen in reality hence exhibiting zero measure. The suspension system is one of fundamental systems that plays a vital role in supporting the carbody and the bogie, absorbs forces or vibrations generated from unevenness of the track, comfortable rides and ensuring that stable and safe movement of the railway vehicle is achieved however it is often modified to prevent the lowering of the carbody and damage to some components such as gangway(Hong et al., 2020). Such modifications coupled with suspension system degradation tend to introduce uncertainty and temper with the performance characteristics of the vehicle, hence a need to quantify them such that safe limits are not exceeded. Several studies conducted by researchers have indicated that any change to the suspension can alter running characteristics leading to derailments, poor ride comfort and others. Sharma et al.,1986(Sharma, 1970) investigated the sensitivity of the vehicle due to secondary suspension parameters, Chudzikiewicz & Opala,2008(Chudzikiewicz & Opala, 2008) conducted studies about reliability and running safety of the vehicle in connection to the derailment whereas Hamed et al., 2018 (Hamed et al., 2018) assessed the influence of spring stiffness on the performance of the suspension. A passenger rail vehicle with double deck having a bogie PW200 was studied by Zhou et al., 2014a(Zhou et al., 2014) and an analysis of its characteristics conducted. Its objective was to investigate how secondary and primary suspension parameters affect the vehicle’s dynamic response using SIMPACK platform. It was based on HXN5 locomotive model. It was found that primary suspension damping and vertical stiffness have the highest level of sensitiveness while vertical and longitudinal damping for secondary suspension and primary suspension lateral stiffness have the least effects on vibration. Eom & Lee, 2010(Eom & Lee, 2010) studied the influence of speed, cant and curves on wheel unload ratios and derailment coefficient and further investigated fatigue variations of the rail vehicle on the track through varying damping and stiffness of the suspension using ADAMS/Rail software. The findings indicated that derailment coefficient value increases with increase in speed and reduction in curve radius which poses a danger to the movement of the vehicle. Derailment is one of the criteria used to evaluate the reliability of the railway vehicle for its safety. It can be triggered by the condition of the track, reduced fastening system stiffness, rail inclination and expansion of rail gauge as investigated  by Konowrocki & Chojnacki, 2020(Konowrocki & Chojnacki, 2020) however the influence of track irregularities was not considered in these studies. Hunt et al.,1986(Hunt, 1986) conducted various studies of track –vehicle interaction in combination with track excitations under several parameters of the vehicle however the suspension system was not included. The effect of forces generated due to track excitations on the yaw dampers in tramway vehicle was studied using matlab and experimental studies and the findings indicated that stability of the vehicle reduces with increase in track excitations.
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Therefore, it is imperative to investigate how these modifications and uncertain situations in the suspension system influence the dynamic performance of the vehicle.
1.2 Multibody system dynamics fundamentals.
This concerned with setting up a mechanical model to enable carry out simulation and analysis of the desired design parameters. The model consists of mathematical expressions obtained from laws and principles. These equations of motion rely on Newton’s laws of motion and others.
· Equations of motion.
The following equations are a representation of multibody system mathematically. Equations of motions are as a result of the use of constraint equations which can be linear algebraic equations or ordinary differential equation basing on how constraint equations are applied. However ordinary differential equations can be combined with linear algebraic equations to form differential algebraic equations(Republic, 2016).
Proportional differential forces of a multibody system results into ordinary multibody system and d’Alambert’s principle is applies in Newton-Euler equation to obtain the equations of motion(Republic, 2016).Hence by applying d’Alambert’s principle, the following equations of motion are obtained. 
	

	(1.1)




Thus number of equations is reduced from  inertia matrix,  and wholly symmetrized by  thus eliminating moments and constraint forces.


The equation in (1) holds true for unconstraint systems and it becomes  and thus the Jacobian global matrix  becomes a quadratic equation matrix. Furthermore, Langrange equation obtained after adding implicit constraint,  is 
	

	(1.2)






Where  is the - vector of langrangian multipliers. Equation 2 is  scalar equation which cannot be solved because of unknowns in the ,vectors and thus  is called.
 algebraic differential expression is maintained and hence resulting into multibody system equation:
	

	(1.3)


Force matrixes are grouped according to coordinate vectors and this results into equations of motions of the form:

                                                                          (1.4)




Where  vector has generalized coordinates, is the damping matrix from coupling elements of the bogie, carbody and the wheelset. is the mass matrix and is the stiffness matrix from elastic coupling.
Hence a set of algebraic differential equations are used to define multibody system dynamics and dynamic simulation is applied to combine nonlinear or linear differential equations in order to achieve accelerations, non-contact external loads and any other parameters(Republic, 2016).
[bookmark: _Toc140834438]2. Method and Material
2.1 Introduction
The study was conducted using SIMPACK dynamic software and the following methods were applied.
2.2 Data collection
The primary and secondary data used in this research were obtained from Addis Ababa Light Rail Transit and literature review, respectively. The important data collected for analysis were the railway vehicle and track specifications and maintenance data for track irregularities. Secondary data was obtained from published research, conference papers, proceedings, reference books, etc. Also, international standards like UIC 518, GB/T 5599-1985 and EN12299 were considered.
2.2.1Track irregularities.
This was conducted with the help of input function. From the maintenance data, the track irregularities under consideration were rail related irregularities collected from field measurements which include vertical left and right and lateral left and right. The graphs below indicate the irregularities under consideration.
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Fig. 4: A graph showing vertical irregularities applied to the system.
[image: C:\Users\murun\Desktop\New folder (3)\v7.png]
Fig. 5: A graph showing lateral irregularities applied to the system.
The data was arranged and input into Simpack as one set using input function set. This is followed by adding excitations of the different types of irregularities. The type of excitation is 109-from input function (adv.). The track is updated by positioning the irregularities in their respective positions on the track and specifying the actual length of the irregularities.
2.3 Simulation tools.
The study was carried out using SIMPACK dynamic software on a straight track of distance at a speed of    is the maximum operating speed of the line while the straight line from St Lideta to Stadium which covers a total distance of approximately as considered. The following assumptions were made during the simulation process.
· The force of friction exists only between the rail and the wheel whereas it is negligible for other components of the railway vehicle.
· The masses of the carbody and the bogie were considered to be rigid.
· The axle box mass was assumed to be an integral part of the wheelset.
· The suspension system for dampers and springs exhibits linear characteristics.
2.3.1 Modelling of the rail vehicle.
The 3D model of the vehicle was conducted using points connected using several entities like the suspension system, force elements, bogie frame, wheelsets and others. The wheelset is set up first using wheel and rail profile specifications. During modelling, defining of the reference system, xyz was done with z in downwards in the vertical direction,y is the lateral and x in the longitudinal directions. The vehicle components were modelled as rigid bodies and connected to each other by dampers and springs that make up secondary and primary suspension. The process of modelling starts with wheelset and track and further continuing to the entire vehicle.
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Fig. 6: Modelling of the railway vehicle.
2.3.2 Validation of the model.
This was conducted through static equilibrium and preload calculation in SIMPACK. The preload load solver helps to calculate the vertical force at the wheel-rail contact area and should be the same for all the wheels. The only factor considered is gravity of different components of the vehicle. The preload load solver determines the preloads such that the system is in equilibrium i.e., the residual accelerations (joint body acceleration) are zero or are extremely small that they can be approximately to zero. The vehicle was run at  for a distance of .The peak dynamic vertical force obtained was which was very close to  static force under preload conditions whereas the joint body acceleration was. which is very small and tending towards zero(Han et al., 2020). Figures are shown in appendix. Furthermore the vertical and lateral accelerations realised were  and  and compared against UIC 518 standard where the maximum allowable accelerations are  for both lateral and vertical accelerations (Kardas-Cinal, 2014).
2.4 Sensitivity analysis.
This was employed to describe how the output of the model is dependent on the input parameters.
The suspension system was identified as the one of vital systems that play a key role in the movement of the vehicle and thus was considered as the centre of the study. The uncertainty in the suspension system was quantified through generation of random numbers which are close to the specifications (mean values).
2.4.1 Uncertainty analysis.
This helps in conducting an assessment of the effects of inputs on the model outputs. It involves several sampling methods such as Latin hypercube sampling and Monte Carlo.
· Uncertainty quantification.





The random vector is specified in the probability space  where the borel set is built on as probability measure and  .The interest is in computing the density function of the output and the first moments like variance and mean.
	

	(2.1)

	

	(2.2)


· Probabilistic assessment.
The assessment was based on analysis of uncertainty of the model output and also apportioning the various sources of uncertainty to the inputs of the model. Standard deviation of 15% was applied to describe the uncertainty in the input suspension values of the model and involved the following major steps:
1. 

Identification of uncertainty parameters and generation of samples from each probability distribution to get matrixand may involve scatter plots.
Consider a model in the form;
	

	(2.3)






Where  () is the input of the model and the output is. The model input statistical distribution has an probable combination of samples to generate the matrix.
	

	

(2.4)



 for each column is computed to come up with the outputs of the model vector.
2. 
Perform a single model simulation of each row vector giving  values of the output of the model. The output of the model is assumed to be a scalar.
	

	

(2.5)



The  elements are used to calculate the dynamic response indexes of the vehicle.
· Realization of the sensitivity analysis.
The output and all input parameters have to be defined. The input parameters include the mean values of primary and secondary suspension system, track irregularities, carbody specifications and track specifications.
-Operating conditions; The effect of track irregularities on the dynamic performance of the multibody system were studied. 
-Influence of the suspension system; The effect of both the primary and secondary suspension system is studied for different value putting into consideration the standard deviation during analysis.
The parameters identified are shown in the table below.
[bookmark: _Toc139623922]Table 1: Suspension system parameters for AALRT under consideration (Source: AALRT passenger car specification sheet).
	Parameters
	Symbols
	Unit
	Mean values.

	Lateral primary suspension stiffness
	

	

	

	Vertical primary suspension stiffness
	

	

	

	Longitudinal primary suspension stiffness
	

	

	

	Lateral primary suspension damping
	

	

	

	Vertical primary suspension damping
	

	

	

	Longitudinal primary suspension damping
	

	

	

	Lateral secondary suspension stiffness
	

	

	

	Vertical secondary suspension stiffness
	

	

	

	Longitudinal secondary suspension stiffness
	

	

	

	Lateral secondary suspension damping
	

	

	

	Vertical secondary suspension damping
	

	

	

	Longitudinal secondary suspension damping
	

	

	


Parameter identification was based on their significance on rail vehicle operations and  the most common ones. Uncertainty in the suspension system was predicted by generating six sets of random numbers using standard deviation of 15% as shown in appendix using matlab which acted as inputs to the system thus six simulations were conducted to evaluate the influence of this uncertainty. Furthermore, the influence of vertical stiffness and damping for primary and secondary suspension were independently analysed to identify the parameters with the greatest and least sensitivity. The results focussed on vertical and lateral forces, accelerations, and ride index and derailment coefficients.
3 Results and Discussion
3.1 [bookmark: _Toc140834447]Influence of uncertainty in suspension system
The effect of uncertainty in the suspension system was carried out through determining the dynamic vertical and lateral forces at rail/wheel contact for various values of damping and stiffness of the suspension system. The wheels for front wheelset are put into account because they experienced the maximum forces compared to other wheels. 
[image: C:\Users\murun\Desktop\New folder (3)\pk.png]
Fig 7: Peak dynamic forces at different simulations.
It is observed in Figure 7 that the vertical forces at the rail-wheel contact become greater with increase in damping and stiffness values of both secondary and primary suspension system from  at simulation 1 to  at simulation 6. This is because a stiffer suspension system increases rigidity and the force transmission of dynamic impact loads through the system i. e from the carbody to the wheels and vice versa. The forces at the rail-wheel contact area are further amplified by the presence of track irregularities. The lateral forces in Figure 7 have a very small increment from   at simulation 1 to  at simulation 6 compared to the vertical forces. This is because lateral forces are not very significant on straight tracks and their effect is much felt in curved tracks. Since analysis was conducted on a straight track, these lateral forces were only influenced by the amplitude of the irregularities on the track. 
3.3 Dynamic performance reliability of vehicle
Running safety against derailment of the vehicle is used  to evaluate the reliability of the railway vehicle(Konowrocki & Chojnacki, 2020). Graph 3.3 shows the values obtained in each case considered for the suspension system. It is given by the ratio of lateral force to vertical force according to Nadal’s expression.
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Fig. 8: Derailment coefficient values.
It can be observed that at low values of stiffness and damping in the suspension system, the coefficient is highly sensitive and increases rapidly however as the values increase further, the coefficient approaches almost a constant level implying that stability has been achieved in the system and the influence is reduced. The coefficient values realised are within the safe working limits of  according to Nadal’s expression. This shows that the suspension system plays a role in ensuring that running safety and operational reliability of the vehicle is achieved. It is also observed that at 15% less values of the system from the standard values, the lateral forces experienced increase by approximately 5% of the standard force because softer primary suspension system rarely aligns perfectly well with regards to the railway carbody contributing to hunting motion and thus has a negative impact on the stability of the vehicle.
3.4 Sensitivity of vehicle to uncertainty in suspension.
The dynamic performance of the vehicle with respect to the ride comfort index is evaluated according to vibration sensitivity and ride index values. This helps in interpretation of the ability of the vehicle suspension to maintain a certain level of ride index and human comfort. These two are crucial in the modelling and evaluation process of the running characteristics of the vehicle. The running characteristics are greatly affected by the secondary and primary suspension system and track irregularities which interact with the multibody system components like carbody and wheels. The ride index values are compared against the standard EN12299 to establish the degree of influence. Table 2 shows ride index values obtained at different values of the suspension system as indicated in appendix from simulation 1 to simulation 6 and the values are compared against those defined by the standard.
[bookmark: _Toc139623934]Table 2: Ride index values
	Simulations
	1
	2
	3
	4
	5
	6

	Ride index, vertical
	2.52
	2.53
	2.54
	2.55
	2.55
	2.57

	Ride index, lateral
	2.0
	1.857
	1.924
	1.93
	1.832
	1.937



It is indicated in the Table 2 that softer stiffness and damping values of the suspension system contribute to low values of ride index and continues to increase with increase in damping and stiffness values. The ride index values increase from  to  implying that there is a general deterioration from ‘clearly noticeable’ to ‘more pronounced but not unpleasant’. This implies that lower values of damping and stiffness result into relatively better ride comfort of the vehicle. The maximum lateral ride index achieved is  falling in ‘clearly noticeable region’ and comfortable enough for passenger ride. This is because lateral forces and accelerations are more significant in curved tracks. The analysis was conducted on a straight track thus only track irregularities affected the lateral ride index. For better, comfortable and smooth passenger ride experience, the ride index should at least be nearing to  hence creating a need for optimization of the suspension system to achieve better results.
[image: C:\Users\murun\Desktop\New folder (3)\GI.png]
Fig.9: Vertical and lateral ride index values.
3.3.1 Influence of primary suspension vertical damping on the sensitivity of the vehicle.
To conduct this study,the vertical stiffness and damping of the primary suspension system was considered because it plays a key role influencing the ride comfort index  on a straight track. One parameter at a time(OAT) method was applied to investigate the influence of each parameter.
The values of damping were varied from   to  as indicated in appendix and their corresponding ride index values obtained to determine their effect while maitaining all other parameters constant at design parameters in Table 1.
[image: C:\Users\murun\Desktop\New folder (3)\cpz.png]
Fig. 10: Effect of primary suspension damping on ride index.
It is clearly indictaed in Figure 10 that damping in the primary suspenison has an extremely small or almost negligible influence on the ride comfort of the vehicle.With increase in the damping values,the ride index is observed to change from  to  which is almost no change hence doesnot greatly influence the vibration sensitivity of the vehicle.This is partly due to the effect of the bogie mass situated between the carbody and the primary suspension which tends to decrease the efficiency of primary suspension damping.It is also important to note that it is not possible to increase the damping of the primary suspension to as much as desired because of the magnitude of rail-wheel dynamic forces.
3.3.2 Influence of secondary suspension vertical damping on the sensitivity of the vehicle.
The effect of the damping of secondary suspenison on the vibration sensitivity of the vehicle was determined by varrying values from  to  and the corresponding ridex index values obtained as shown in Figure 11 while keeping all other parameters constant at design parameters in Table 1.
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Fig. 11: Effect of secondary suspension damping on ride index.
It evident that secondary suspension damping greatly influences ride comfort index. With increase in the values of damping, the ride comfort index reduces from  to  i.e moving away from  ‘more pronounced but pleasant’ to closer to ‘clearly noticeable region’ implying that there is a general improvement in minimizing vibrations due to track excitations. The implies that increasing the damping value can help to improve the ride comfort however this should be done carefully to avoid initiating contrary effects. This is because excessive damping results into increased rigidity of the system and intensifying the vibration behavior of the vehicle leading to poor ride comfort index.
3.3.3 Influence of primary suspension vertical stiffness on the sensitivity of the vehicle.
The effect of stiffness of primary suspenison on the vibration sensitivity of the vehicle was determined by varrying values from  to  and the corresponding ride index values obtained as shown in Figure 12 while maitaining all other parameters constant at design parameters in Table 1.
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Fig. 12: Effect of primary suspension stiffness on ride index.
It is noted from Figure 12 that increase in stiffness values results into almost no change in the ride index values from  to   and has an extremely small effect on the acceleration of the vehicle. This implies that changes in primary suspension stiffness have little effect on the vibration sensitivity of the vehicle and is maintained within the ‘just noticeable’, a region that is favorable for passenger ride comfort.
3.3.4 Influence of secondary suspension vertical stiffness on the sensitivity of the vehicle.
The effect of stiffness of primary suspenison on the vibration sensitivty of the vehicel was determined by varrying values from  to  and the corresponding ride index values obtained as shown in Figure 13 while maitaining all other parameters constant at design parameters in Table 1.
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Fig. 13: Effect of secondary suspension stiffness on ride index.
It is evident in Figure 14 that increase in stiffness values lead to increase in the ride comfort index from  to  and hence there is a direct proportionality between the two and greatly influences the acceleration values of the vehicle. According to the results, the ride comfort index falls within the ‘just noticeable region’ thus exhibiting favorable passenger comfort however it is clear that further increase in the stiffness values can lead to deterioration of the ride index due to increase in the rigidity of the system.
[bookmark: _Toc140834451]3.2 Influence of uncertainty on carbody vehicle accelerations
Table 3 shows values of lateral and vertical accelerations obtained from SIMPACK and shows how accelerations of the railway vehicle are affected by uncertainty at different parameter values of the suspension system.
[bookmark: _Toc139623933]Table 3: Peak vertical and lateral acceleration values.
	Simulations
	Maximum lateral acceleration

	Maximum vertical acceleration


	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	



A graph of peak vertical and lateral accelerations against time is plotted in Figure 7 to give an account of how the suspension system and track irregularities affect them. It is shown in the graph that both vertical and lateral accelerations have a general trend of increasing with increase in the values of the suspension however it is gradual for lateral accelerations. Vertical accelerations increase from  at sim 1 to  at sim 6 due to increase in damping and stiffness value of the suspension system coupled with track excitations. Lateral acceleration experiences a gradual increment from  at sim 1 to  at sim 6. This is because lateral accelerations have substantial influence when cornering (curves) and therefore have less effect on a straight track. The magnitude of lateral accelerations experienced by the railway vehicle is mainly due to the amplitude of track irregularities. A graph of maximum values of lateral and vertical accelerations at different simulations is shown in Figure 8.
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Fig. 14: Dynamic vertical and lateral accelerations at different simulations.
It is therefore evident the   lower values of suspension stiffness and damping result into lower values of accelerations and consequently less rail-wheel contact forces and wear. 
3.4 Optimization of the suspension system
In order to achieve better and lower values of ride index, an optimization process was conducted on the suspension system. This process was carried out by simulating multiple groups of suspension parameter values in order to identify a combination with the best vertical and lateral ride index values. The maximum ride index achieved before optimization was  and  for vertical and lateral index respectively. Upon optimization,  and  ride index for vertical and lateral index were obtained. This shows an improved of approximately  and  for vertical and lateral ride index.
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Fig. 15: Optimized ride index.
5. Conclusion and Recommendation.
[bookmark: _Toc140834454]5.2 Conclusion.
Being able to estimate the behavior of the railway vehicles both at design stage and during service plays a vital role in ensuring that safe, reliable and comfort operations are achieved. The suspension system plays a crucial role in making sure that better passenger ride comfort is attained while the vehicle moves smoothly without any disturbances. Through conducting numerical simulations, the influence of track excitations and suspension system on the dynamic behavior of the vehicle has been evaluated using multibody system dynamics and the following conclusions have been. 
· On a straight track, lateral forces do not have significant effect on the running characteristics of the vehicle and their magnitude is only depends on the amplitude of track excitations. The vertical forces experienced at the rail-wheel contact area strongly depend on the stiffness and damping values of the suspension system and track irregularities, since there was an increase from  at sim 1 to at sim 6. Therefore, a careful consideration should be taken into account when performing any modification to the system.
· The carbody accelerations increase with increase in the values of the suspension parameter and track irregularities and consequently lead to deterioration of the passenger ride comfort.
· Passenger ride comfort is strongly dependent on the suspension system. One of the major roles of the system is to absorb dynamic impact loads. It can be observed that the ride index increased from  at a softer suspension to  at a stiffer suspension. Furthermore, it is evident that damping and stiffness values of secondary suspension exhibit greater influence on the ride comfort index compared to damping and stiffness values of primary suspension which exhibit little influence on the ride comfort index. Therefore, specifications of the system should be chosen to facilitate better ride experience by the passengers.
· Running safety reliability in terms of derailment (0.35-0.598) is observed to be more sensitive at low value of damping and stiffness which may result into accidents however stability is achieved when the values increase.
· Optimization process has been carried out and it is observed that the ride index was improved by 2.3% and 3.7% for vertical and lateral respectively.
· The above results play a vital role in maintenance scheduling as regards to areas of prioritization to ensure safe and reliable operations of Addis Ababa light Rail Transit.
[bookmark: _Toc140834455]5.3 Recommendations.
· Variation of suspension system parameters of the railway focused on analysing the key components necessary for smooth running of the vehicle like derailment coefficient, forces and ride index, even though the sensitivity and reliability results were found to be under limits  required for safe and reliable running of the vehicle, track excitations were the only external factor considered, therefore there is a need to investigate their influence on wheel wear and consider other external factors that may have an effect on the running characteristics of the vehicle such as wind force and friction.
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