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Abstract

:

The article describes the method of predicting the reliability and durability of an aircraft commutator, which is a primary source of electric energy in helicopters. Tests were conducted for 10 starter-generators. From this research it follows that the technical condition of brushes and bearings has a significant impact on the reliability of starter-generators. The reliability of starter-generators was determined based on the method consisting of two stages that was adopted: the first stage involved determining the density function of changes in diagnostic parameter depending on the operating time, but the second stage included the assessment of the reliability of bearings of the starter-generator taking into account the real flight profile. The first stage of the adopted method consisted of defining the dynamic model of changing the length of the starter-generator’s brush, which became the probabilistic model. Subsequently, based on differential equations, Fokker–Planck partial differential equation was derived, which describes the process of increasing the brush wear in a probabilistic way. This method enables the prediction of the residual durability of the helicopter’s starter-generator due to the change in a diagnostic parameter which is the wear of brushes during starter-generator operation. The second stage of this method allows determining the durability of starter-generator’s bearings building upon the average helicopter’s flight profile. Owing to the difficulty in measuring the wear of bearings, the relation between the durability of bearings and the temperature of surroundings can be applied by replacing the flight altitude with temperature. The reliability of the helicopter’s starter-generator was determined based on the serial-type reliability structure.
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1. Introduction


Reliability analysis is the technical framework to study system breakdown and quantification of its probability [1]. Reliability describes the capability of the system or component to function in different conditions for a specified time. Safe and reliable engineering systems, such as aircraft engines, is significantly important for modern power plants, production quality, health protection, human life, etc. [2]. Indeed, reliability is theoretically defined by breakdown probability, breakdown frequency, or, in terms of availability, the probability arising out of reliability and ease of maintenance. Reliability plays a crucial role in system cost-effectiveness [3,4]. Measures of reliability are analyzed taking into consideration the reliability function, expected durability, coefficient of breakdown and risk function, reliability and risk function for the known distributions, risk models and product lifetime, assessing risk and reliability functions based on empirical data and remarks regarding the selection of distribution. The statistical reliability models are considered along with probabilistic aspects of engineering design, the combination of random variables in the design, interference theory and reliability calculations, examples of designing reliability, reliability models depending on time, dynamic reliability models, exponential distribution, Weibull distribution, sequential durability testing, and issues of reliability optimization.



During aircraft operation, assemblies and aggregates are subjected to permanent diagnostic inspections, and their technical condition is expressed by a set of diagnostic parameters. The knowledge of the current values of the acceptable parameters and limit states enables us to assess the current technical condition of the given object. Data from the operational process can enable to forecast the technical condition by constructing mathematical models based on which the failure-free operating period of the assembly or aggregate can be estimated.



The research method presented in this publication consists of estimating the reliability of the starter-generator based on the flight profile and diagnostic data obtained from the operation process. The method has been developed at the Air Force Institute of Technology. The novelty of this method is the estimation of bearing life based on the criterion of only one parameter, which is the flight altitude. Converting the flight altitude to temperature by means of a reference atmosphere, we obtain the temperature profile. Based on this profile and on numerical calculations, we can determine the reliability and durability of bearings in airborne commutator machines. Since bearings in airborne commutator machines are almost impossible to examine technically, the temperature profile is one of the most readily available pieces of information on the aircraft flight path and, consequently, on bearing wear. The developed method makes it possible to predict changes in the values of diagnostic parameters and operating time while ensuring the appropriate level of reliability.




2. Literature Review


Prognostics is the continuation of diagnostics. Diagnostics consists of identifying error, which will lead to malfunction and estimation of its significance, and prognostics is based on constant monitoring of variables and system parameters and using this information to assess time to failure, named as remaining useful life (RUL) [5,6,7]. Alternatively, in other words, prognostics aims to forecast the development of failure and predict when the machine will no longer operate according to assumptions or requirements [8]. The prognostics can be used to evaluate the degradation rate and can allow the regular operation of the machine until failure appears, can reduce unnecessary, cost-effective inspections, and unpredictable breakdowns [9]. The current methods of predicting damages in rotary machines are summed up and classified as conventional reliability models, prognostic models based on state, and models combining reliability and prognostics. The areas requiring preparation and development include the integration of monitoring state and reliability, usage of incomplete data on trends, including the maintenance works and changeable operating conditions, deriving a non-linear relation between parameter data and real technical state, taking into account the interaction between failures, the practicability of requirements and assumptions, as well as the preparation of a framework of efficiency assessment [10].



In the literature on predicting the service life of commutator machines [11], the prediction method of the remaining service life of bearings based on a non-linear model of the Wiener process was described. Firstly, the service life of bearings is divided into two stages in terms of the operating state. Then, the new prognostic model reflecting the relation between time and reliability state of the bearing is constructed. The subsequent authors [12] developed a method that combines a general Weibull failure rate function (WFRF) and neural network with radial basis function (RBF). The classic approach is based on data that depend on manual separation of the features from raw data from sensors, and then the estimation of failure rate, degradation state, and RUL prediction is completed using the breakdown threshold [13]. By applying the development of deep neural networks in different areas of artificial intelligence, they suggested a complex deep structure to estimate RUL based on recurrent units with conventional and long short term memory (LSTM) [14,15].



By analyzing methods used to investigate the remaining operating time, data-based methods should not be forgotten. In models based on direct data, models such as methods using [16] regression models [17], Wiener process [18], Gamma processes, and Markov processes can be distinguished. For models depending on indirect data, models based on stochastic filtering, risk models based on covariance, hidden Markov models (HMM), and hidden semi-Markov models (HSMM) can be identified.




3. Importance of the Starter-Generator


The modern aircraft demand more and more electric energy [19,20]. Currently, there is a tendency to use DC generators as starter-generators. The starter-generator is an important part of the aircraft electrical system. The role of the starter-generator is to start the engine and generate electric energy during flight [21]. Using the same machines as generators and engines follows, e.g., from economic concerns. Thanks to such a solution, the volume and mass of the starting system is increased. The disadvantage of such a solution is greater complexity of the control system of the starter-generator. The average starter-generator is slightly bigger (by approx. 10 ÷ 20%) in comparison with the generator of the same power. Apart from shunt excitation winding, starter-generators have also series winding. Thus, depending on the adopted starting system, they can operate as mixed excitation engines, mixed excitation series-shunt engines or series excitation engines. Series excitation winding is used only in the engine range. Thanks to this winding, the starting torque of the machine is higher, start-up time is shorter, and rotational speed at the end of the starting cycle is higher. The drive shaft of the starter-generator is connected with the shaft of the aircraft engine via a reducer with a variable gear ratio. Reliability of the starter-generator in the operational process is influenced by the operation of commutator-brush assembly. The unfavorable conditions of the commutator-brush assembly result in the deterioration of current and damage to the commutator and brushes [22].




4. Maintenance Process of the Starter-Generator


The basic source of DC electric energy with a voltage of 28.5 V is a 200SGL129Q starter-generator with a control block of the GCSG 505 21 starter-generator. In the generator operation, a nickel-cadmium battery is connected in parallel to the starter-generator, which stabilizes the system operation under normal conditions, and in emergency conditions, is a source of direct current [23,24]. Moreover, in the generator operation, the starter-generator has a value that is sufficient to supply all receivers installed on the aircraft [24].



The starter-generator is installed on a Rolls-Royce 250-C20R/2(SP) engine from the right side, looking toward the flight direction (Figure 1).



The starter-generator is applied for [24]:




	
start-up of the Rolls-Royce 250-C20R/2(SP) engine (in the engine operation);



	
providing power to all current receivers installed on a helicopter, and boost charging of the on-board accumulator battery (in the generator operation) in the range of the engine’s idle run (59% N1 of the turbo compressor).








The starter-generator is a shunt DC machine equipped with a rotational speed sensor. It is attached to the engine drive box using a quick separable clamping ring. During start-up of the Rolls-Royce 250 C20R/2(SP) engine, power can be provided to the starter-generator from the on-board accumulator battery or ground power unit. The starter-generator is cooled with an integral ventilator. Inspections and maintenance of starter-generators are completed according to the Technical Manual Job Guide (in Polish JZOT OSPRZĘT) and compliant to the technical manual provided by the manufacturer of this starter-generator. As part of the D2 routine maintenance, the overhaul of the external condition of the starter-generator is completed [25]. Inspecting the condition and calculating the wear of the current generator’s brushes is performed based on the operation sheet (in Polish. KT) No. 24.00-7. According to the operation sheet, brushes should be inspected after 500 operating hours of the starter-generator [26]. Technical Manual Job Guide (JZOT OSPRZĘT) recommends inspecting the condition and calculating the service life of the starter-generator’s brushes during periodic maintenance 300 h/annual and 600 h/biennial, providing also the scope of the inspection according to the operation sheet No. 24.00-7 [26,27]. A graphical operational process of the starter-generator is illustrated in Figure 2 [23,26].




5. Method for Determining Reliability of the Starter-Generator


Based on the analysis of wear processes present in commutator machines, the reliability model as a reliability series structure was adopted in the calculations of the starter-generator. Constructing a reliability model of the starter-generator, it is necessary to treat it as a reliable series structure. Thus, it shows that failure of any of these elements results in failure of the whole system. Considering the reliable series structure for starter-generator it was adopted that it consists of two elements—brushes and bearings (Figure 3).



To calculate a reliable series structure for the starter-generator, the following relation [28] was applied:


   R p   ( t )  =  R s   ( t )  ·  R ł   ( t )   



(1)




where    R p   —reliable series structure of the starter-generator;    R s   —reliability of brushes of all starter-generators;    R ł   —reliability of bearings of the starter-generator.



To determine the reliability of the starter-generator, the methodology consisting of two stages was adopted. In the first stage, reliability and durability of brushes were defined based on density function of changes in the diagnostic parameter depending on the operating time. In the second stage, the reliability and durability of bearings in the starter-generator was estimated taking into account the flight profile of the helicopter.




6. Determining Density Function of Changes in Diagnostic Correlation Function Relative to the Operating Time


The research presented in the article was conducted for 10 200SGL129Q starter-generators. Each starter-generator consists of eight brushes. In the operational process of the starter-generator, maintenance works are performed during which the length of brushes is measured. When it is established that a given brush does not conform to requirements in terms of length, then such starter-generator is delivered to the general overhaul. Figure 4 shows wear of the start-generator’s brushes No. 7758.



In the suggested method for the assessment of the durability of aircraft commutators, the following assumptions [29,30] were adopted:




	
The technical condition of the commutators is defined by means of diagnostic parameters available in the operational process and marked as follows:










  L = (  L 1  ,  L 2  ,  L 3  ,   … ,  L n  ) ;  



(2)







	2.

	
Due to the wear processes, the values of diagnostic parameters change. It is adopted that these changes have a monotonic character and can be described in the following form:


  Δ  L i  =  |   L i  −  L i  n o m    |  ,         i = 1 , 2 , 3 , … . ,   n  



(3)




where   Δ  L i   —absolute value of deviation of the diagnostic parameter from the nominal value;    L i   —present value i of this parameter;    L i  n o m    —nominal value i of this parameter;







	3.

	
Aircraft commutator machine is serviceable if the following relation is met:


  Δ  L i  ≤ Δ  L i g   



(4)




where   Δ  L i g   —absolute value of the limit deviation of diagnostic parameter from the nominal value;







For clarification, the following designations were introduced:


  Δ  L i  = s  



(5)






  Δ  L i g  =  s d   



(6)




where  s —absolute value of the deviation of diagnostic parameter from the nominal value;    s d   —absolute value of the limit deviation of the diagnostic parameter from the nominal value;



	4.

	
The increase of values of changes in diagnostic parameter is random;




	5.

	
Changes in diagnostic parameters adopted for the assessment of the technical condition of aircraft commutators are independent random variables, i.e., the change in value of any of them does not affect the change in value of the others;




	6.

	
The method is applicable to aircraft commutator machines, for which the speed of changes in the diagnostic parameter can be described by the following relation [29,31]:


    d s   d t   = H  



(7)




where  H —random variable characterizing changes depending on element features and work conditions;   t  —aircraft flight hours.







For the adopted assumptions, the dynamics of changes in diagnostic parameters was described by difference equation. The selected parameter is used in the analysis  s . The adopted assumptions take the form of the following difference equation [30,32,33,34,35]:


   U  s , t + Δ t   = P  U  s − Δ s , t    



(8)




where    U  s , t    —probability that in instant   t   value of the diagnostic parameter will be  s ;  P —probability that in the time interval of the length   Δ t  , deviation value will increase by   Δ s  ;   Δ s  —increment of the diagnostic parameter  s  during one flight of aircraft.



It follows from Equation (8) that it is probable that in the instant  t  value of deviation is   s − Δ s   and in the time interval with length   Δ t   increased by value   Δ s   [30,36]. Thus, Equation (8) can be written in the following form [11,30,36]:


  u  (  s , t  )  =  1    2 π a  ( t )       e  −      (  s − b t  )   2    2 a t     .  



(9)







Function (9) is a searched probabilistic characteristic of change in diagnostic parameter due to wear, the rate of which can be expressed by relationship (7). The density function of increasing the diagnostic parameter value can be used to estimate the reliability and durability of aircraft commutator machine, the technical condition of which is assessed by this parameter. The example of such a solution is the application of the density function of changes in diagnostic parameter to determine the time distribution of exceeding the limit state [12].




7. Determining the Time Distribution of Exceeding the Limit State (Permissible)


The function described by Equation (9) has a probabilistic characteristic of change in diagnostic parameter. The change in the diagnostic parameter results from wear processes. The rate of these processes can be described by relation (7). The function presented above can be taken into consideration to estimate reliability and durability of the selected commutator machines, the technical condition of which can be described by this parameter. The example, where we can use the density function of changes in the value of diagnostic parameter is to determine the time distribution of exceeding the limit state. The probability of exceeding the limit value by a diagnostic parameter  s  can be depicted by means of a density function of changes in diagnostic parameter [28,34]:


  Q  (  t ,  s d   )  =   ∫    s d   ∞   1    2 π a t      e  −      (  s − b t  )   2    2 a t     d s .  



(10)







To define the first-passage time density function beyond the permissible deviation    s d   , the following relation needs to be used:


  f  ( t )  =  ∂  ∂ t   Q  (  t ,  s d   )  .  



(11)







Then, by replacing Equation (10), we obtain the following dependence:


  f  ( t )  =  ∂  ∂ t    ∫   s d   ∞   1    2 π a t        e  −      (  s − b t  )   2    2 a t     d s .  



(12)







Further, we use differentiation and integration properties due to which the following relation is obtained:


  f   ( t )    s d    =    s d  + b t   2 t    1    2 π a t      e  −      (   s d  − b t  )   2    2 a t     .  



(13)







Equation (13) defines the density function of exceeding the limit state by diagnostic parameter value [30].




8. Reliability and Durability of the Selected Devices in Terms of Changes in a Diagnostic Parameter


The method for determining the time distribution of exceeding the limit state by a diagnostic parameter, described in point 3, allows to define the readiness function of the time of reaching a limit state. By knowing this function, it is possible to determine the reliability of the selected commutator machines, the technical condition of which is assessed based on the considered diagnostic parameter [34,37]:


  R  ( t )  = 1 −   ∫  0 t  f    ( t )     s d    d t    



(14)




where


  f   ( t )    s d    =    s d  + b t   2 t    1    2 π a t      e  −      (   s d  − b t  )   2    2 a t     .    



(15)







The density function of the time distribution of the first passage of diagnostic parameter value through the limit state enables to calculate the durability of the selected commutator machines. By establishing the risk level of exceeding the limit state   Q    ( t )   d    the following relation (16) is obtained [34]:


  Q    ( t )   d  =   ∫  0 t  f    ( t )     s d    d t .  



(16)







The value of time, for which the right side of relation (16) equals the left side, is determined by the durability of the selected commutators under conditions specified by the adopted assumptions.




9. Estimating Reliability and Durability Based on Starter-Generator Installed on the Aircraft


A diagnostic parameter, which is directly related to wear processes occurring during the operational process of the starter-generator, is the wear of brushes. Reliability and durability of the starter-generator are determined based on the density function of the time of passing a diagnostic parameter through the limit state by defining a and b estimators present in the equation [38]:


  u  (  s , t  )  =  1    2 π a t      e  −      (  s − b t  )   2    2 a t     .  



(17)







The equation shown above is a solution for the starter-generator, the technical condition of which is characterized by one diagnostic parameter taking into consideration the standard parameter value to the range of [0,1] can be written in the following form [39]:


  U  (   t 1  ,  s 1  ,  t 2  ,  s 2  , b , a  )  =  1    2 π a Δ t      e  −      [  Δ s − b  (  Δ t  )   ]   2    2 a  (  Δ t  )         



(18)




where    s 1   —wear of starter-generator’s brushes in time    t 1   ;    s 2   —wear of starter-generator’s brushes in time    t 2   .



Formula (18) takes the form of the density function of the probability of increment  Δ s. To determine the distribution parameters of probability a and b, the method for plausibility function has to be used. In the general form, the function assumes the following shape [39,40]:


   L = g  (   t 0  ,  s 0  ,  θ 1  ,  θ 2  , ⋯  θ m   )       ∏   k = 0   n − 1   g  (   t k  ,  s k  ,  t  k + 1   ,  s  k + 1   ,  θ 1  ,  θ 2  , ⋯ ,  θ m   )      



(19)




where   g  (   t 0  ,  s 0  ,  θ 1  ,  θ 2  , ⋯  θ m   )   —density function of the total probability of variable  s ;    θ 1  ,  θ 2  , ⋯  θ m   —parameters of the density function;    s 0  ,  s 1  , ⋯  s n   —measured values of parameter  s  in the moment of time, respectively    (   t o  ,  t 1  , ⋯ ,  t n   )   .



Taking subsequent diagnostic measurements of the tested machine during their operation, data were collected on increasing the deviation value of a diagnostic parameter in the following form:


   [   (   s 0  ,  t 0   )  ,  (   s 1  ,  t 1   )  ,  (   s 2  ,  t 2   )  , ⋯ ,  (   s n  ,  t n   )   ]  .    



(20)







Finding the estimates    θ 1 *  ,  θ 2 *  , ⋯ ,  θ m *    of the unknown parameters    θ 1  ,  θ 2  , ⋯  θ m    by the maximum likelihood method (MLM) comes down to solving equations in the form [39]:


    ∂ l n L   ∂  θ j    = 0    



(21)




where   j = 1 , 2 , ⋯ , m  .



In this case, estimates    a i *  ,    b i *    of the unknown parameters  a  and  b  by the maximum likelihood method comes down to the system of equations [29]:


   {        ∂ l n L   ∂ b   = 0         ∂ l n L   ∂ a   = 0       .  



(22)







By solving the system of Equation (22), we find    a i *  ,    b i *   :


   b i *  =    s n  −  s 0     t n  −  t 0     



(23)






  a =  1 n    ∑   k = 0   n − 1        [   (   s  k + 1   −  s k   )  −  b i *   (   t  k + 1   −  t k   )   ]   2     (   t  k + 1   −  t k   )    .  



(24)








10. Using the Density Function of the First-Passage Time of the Value of the Increasing Diagnostic Parameter through the Limit State to Estimate Reliability and Durability of the Starter-Generator


Calculations of the probabilistic indicators are completed in range of the permissible values in order to determine the starter-generator durability:


   (   L i g  ,  L i p   )     



(25)




where    L i g   —boundary value of i-th parameter, the exceedance of which results in the commutator machines being declared unserviceable;    L i p   —value of i-th diagnostic parameter at the beginning of the operational process.



The formula for reliability of the starter-generator has the following form:


  R  ( t )  = 1 −   ∫  0 t  f    ( t )     s d    d t      



(26)




where density function   f    ( t )     s d      is written as:


  f    ( t )     s d    =    s d  + b t   2 t    1    2 π a t      e  −      (   s d  − b t  )   2    2 a t       .    



(27)







The unreliability of the starter-generator is derived from [39]:


  Q    ( t )   d  =   ∫  0 t     s d  + b t   2 t    1    2 π a t      e  −      (   s d  − b t  )   2    2 a t     .      



(28)







By transforming dependence (28), the formula for reliability is obtained:


  R  ( t )  = 1 −  1    2 π       ∫   − ∞     b t −  s d      a t        e  −    w 2   2    d w .    



(29)







Taking into consideration the distribution function of the standard normal distribution    N  0 , 1     with the expected value which is 0 and variance, which is 1, the reliability of the starter-generator can be expressed as follows [29]:


  R  ( t )  = 1 − Φ  (     b i  t −  s d       a i  t      )  .      



(30)







In order to usefully apply Equation (30) for calculations, the assumptions included in relation (31) on relative deviation of the diagnostic parameter value should be borne in mind:


  s =    L i  −  L i p     L i g  −  L i p    =  s   s d    .  



(31)







Taking the above dependencies into account, the boundary value of parameter is 1, and formula for reliability assumes the following form [39]:


   R i *   ( t )  = 1 − Φ  (     b i *  t −  s d       a i *  t      )  .  



(32)







Due to the fact that the density of the standard normal distribution is an even function, thus [28,39]:


   Φ  ( 0 )  = 0.5    Φ  ( x )  = 0.5 +  Φ 0  =  {      0.5 −  Φ 0   (   | x |   )                  d l a       x < 0       0.5 +  Φ 0   ( x )                      f o r       x ≥ 0         



(33)




where


   Φ 0   ( x )  =  1    2 π       ∫  0 x   e  −    y 2   2    d y .  



(34)







Durability of the starter-generator due to parameter  t  is determined by solving Equation (16):


  Q    ( t )   d  =   ∫  0 t  f    ( t )     s d    d t .  











Using the following dependence:


  Q  ( t )  = 1 − R  ( t )     



(35)







Equation (16) will be expressed in the following form:


  1 − R  ( t )  = Φ  (     b i *  t − 1      a i *  t      )  .    



(36)







Assuming the reliability level    R i *   ( t )    using standard normal distribution tables, one can define the value of relation:


   α i  =    b i *  t − 1      a i *  t        



(37)




thus


  Φ  (   α i   )  = 1 −  R i *   ( t )  .  



(38)







In this article, value    R i *   ( t )  = 0.90   was used in calculations. When value    α i    is determined, it is possible to define the value  t  from (38). Both sides of the equation should be squared, multiplied by      a i *  t     and then the following equation is obtained:


   α i 2   a i *  t =    (   b i *  t − 1  )   2  .  



(39)







By making several transformations, the following relationship is achieved:


     (   b i *   )   2   t 2  −  (  2  b i *  +  α i 2   a i *   )  t + 1 = 0  



(40)




.



The above equation is a quadratic equation relative to time  t . By solving the equation, the relationship for determining the searched durability is obtained [8]:


  T =   2  b i *  +  α i 2   a i *  −      (  2  b i *  +  α i 2   a i *   )   2  − 4    (   b i *   )   2      2    (   b i *   )   2    .  



(41)








11. Computing Reliability and Durability of the Starter-Generator Based on the Wear of Brushes


Brushes are the primary elements in the starter-generator. During operation, inspection of their technical condition is performed, and their durability is calculated. Building upon data from the operational process of brushes wear, the change in length of eight brushes of the starter-generator was determined in the function of the operating time (Figure 5). The graphical form of the density function of the rise time of deviation to the boundary value (Figure 6), and the reliability function R(t) (Figure 7), were also determined. The confidence level was assumed to be at R(t) = 0.90.




12. The Method for Estimating the Reliability of Starter-Generator’s Brushes Considering the Real User’s Profile


Durability of aircraft bearings in commutator machines was evaluated based on the method devised at the Air Force Institute of Technology. The method, which is applied to brush engines, assumed that the brushes were inspected or replaced by the new ones and were not damaged. It enables to define the durability of bearings in electric machines based on estimating the ambient temperature of the working aircraft commutator [31].



To estimate the reliability of bearings in the starter-generator based on flight profile of SW-4 helicopter, calculations were used that describe the approximated approach to determine the average failure rate (the average number of failures within a given time of operation of a given machine). The average failure rate can be calculated based on the following relationship [41,42]:


   λ p  =  [     t 2     α Ł 3     ]  ·   10  6                 [    f a i l u r e s       10  6    h o u r s    ]   



(42)




where    t   —total operating time of the machine;    α Ł   —durability of bearings in the electrical machine.



Durability of bearings in the aircraft commutator was assessed based on the following relation [41,42]:


     [    10    (  A −  B   T o  + 273    )    +  1    10    (  C −  D   T o  + 273    )    +  T m     ]    − 1    



(43)




where   A ,   B ,   C ,   D  —distribution coefficients that are 2534, 2357, 20, 4500;    T o   —ambient temperature (°C);    T m    = 300—lower limit of the bearing durability (h).



The model for predicting the durability of bearings was constructed based on data gathered from companies conducting maintenance works of electric machines. Distribution coefficients were determined empirically by fitting the function to the measured data. To fit coefficients, a linear regression technique was applied:


  log l i f e =  A T  − B   [ 1 ] .  











Data shown in Figure 8 originate from [41,42]. In the case of the change in ambient temperature during the operation of the aircraft commutator, the durability of bearing can be calculated based on the dependence presented above.


   α Ł  =  [     h 1  +  h 2  +  h 3  + ⋯ +  h m       h 1     α 1    +    h 1     α 1    +    h 1     α 1    + ⋯ +    h m     α m       ]     



(44)




where    h 1  ,    h 2  ,    h 3  ,    h m   —working time in temperature    T 1  ,    T 2  ,    T 3  ,    T m   ;    α 1  ,      α   2  ,      α   3  ,      α m   —durability of bearing in    T 1  ,    T 2  ,    T 3  ,    T m   .



Figure 9 presents the changes in ambient temperature while the aircraft commutator is working. The values of temperatures    T 2  ,  T 4   , and    T 6    are calculated as an arithmetic average of extreme temperatures.


   T 2  =    T 1  +  T 3   2    ,        T 4  =    T 3  +  T 5   2  ,          T 6  =    T 5  +  T 1   2   



(45)







The average operating time to failure of bearing was estimated from test results. The bearing failure condition was assumed to be 50%, where   F  ( t )  = 0.5  . A natural logarithm from 0.5 was −0.69317. The equation can be written in the following form [43]:


   l n  [  1 − F  ( t )   ]  = −    (   t   α Ł     )   3     t =   0.69317  3  ·  α Ł  .   



(46)








13. Computing Reliability and Durability of the Starter-Generator Based on the Wear of Brushes


In order to determine the average flight profile of the SW-4 helicopter, data from the flight data recorder were used. It is possible to demonstrate the temperature profile for SW-4 helicopter with the flight profile of the SW-4 helicopter and parameters of international standard atmosphere [44]. The mean temperature profile for SW-4 helicopter was calculated from 167 flights performed in 2017 [31]. The mean temperature profile of the helicopter is presented in a graphical form in Figure 10.



By knowing the values of mean extreme temperatures    T 1  ,  T 3    ,    T 5  ,  T 7    ,    T 9  ,    T  11   ,    T  13   ,    T  15    , the average temperatures    T 2  ,    T 4  ,    T 6  ,    T 8  ,    T  10   ,    T  12   ,    T  14     were calculated based on Equation (35). Then, the durability of bearings in the starter-generator was calculated. The parameter  α  was computed according to formula 45. Data from calculations are presented in Table 1. In the next stage of calculations, the durability of the starter-generator bearings was determined providing the operating temperature is not constant. The parameter value was    α Ł  = 11948    h  .   The bearing’s operating time to failure was   t = 10574    h   .



Failure rate of bearings in the starter-generator installed in the SW-4 helicopter is    λ p  = 65.5    [    f a i l u r s     10  6    h o u r s    ]   . With the above data at hand, the graphical form of the reliability function R(t) was determined for the analyzed parameters and it is shown in Figure 11. Reliability level R(t) = 0.90.




14. Conclusions


The characteristics of the reliability function R(t) for the diagnostic parameter, which is the wear of brushes in the starter-generator, are depicted in Figure 12. Calculations were done for 10 starter-generators. Assuming the reliability of brushes at the confidence level of 90% R(0.90), it follows that only on one starter-generator with No. 9782XL, the durability of brushes is below 1000 h and amounts to 880 h.



Table 2 shows a comparison of the brush durability of the tested electric starter-generators. Depending on the number of starter-generators, the values range from 996 to 2321.



While planning the operational process of aviation commutators, it is necessary to determine their durability. Probabilistic models developed to inspect the wear, and ageing processes, can be used to verify diagnostic data. They are useful in developing an operational algorithm for aircraft commutators.



The presented methods of forecasting the reliability and durability of aircraft commutators enable to use maintenance systems in accordance with the state of controlling diagnostic parameters. When maintenance works are completed, the health inspection results are analyzed, and the next period of further operation of the device is estimated. 200SGL129Q starter-generators installed on SW-4 helicopters are operated according to the state system while controlling diagnostic parameters.



The characteristic feature of this system is that it is possible to eliminate planned major repairs by standardizing only the target periodicity (service life), which is usually limited by the reliability of the most reliable element of the starter-generator. The manufacturer of the 200SGL129Q starter-generator has defined a guaranteed total time of reliable operation, and a specified frequency of maintenance works. Based on the conducted tests and analyses, taking into consideration the diagnostic parameter, it was found that in 1 out of 10 tested 200SGL129Q starter-generators, the brushes did not reach the assumed hourly life (1000 h). The technical condition of the remaining brushes in starter-generators allowed for their further operation (over 1000 h). When testing the reliability of bearings in the starter-generator based on the flight profile, it was shown that the operating time of the bearing until failure is 10,574 h. The reliability of the starter-generator, determined from the reliability of the series structure (diagnostic parameters and flight profile), with the assumed confidence of 90%, allowed to determine the durability of the starter-generator amounting to 1000 h (Figure 13).
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Figure 1. The installation place of the starter-generator on the helicopter. 
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Figure 2. Operational process of the 200SGL120Q starter-generator. 
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Figure 3. Reliable series-type structure for a starter-generator. 
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Figure 4. The diagram of wear of 200SGL129Q starter-generator No. 7758XL in function of the operating time. 
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Figure 5. Relation between change in length of eight brushes of the 200SGL129Q starter-generator No. 8544XL. 
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Figure 6. Diagram of the density function of the time when the diagnostic parameter f(t) exceeds the limit state for the 200SGL129Q starter-generator No. 8544XL. 
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Figure 7. Reliability of brushes of the 200SGL129Q starter-generator No. 8544XL. 
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Figure 8. Durability of bearings in the electric machine depending on the ambient temperature. 
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Figure 9. Change in ambient temperature during the operation of the electric machine. 
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Figure 10. Mean temperature profile for the SW-4 helicopter for the period from 1 January 2017 until 31 December 2017. 






Figure 10. Mean temperature profile for the SW-4 helicopter for the period from 1 January 2017 until 31 December 2017.



[image: Energies 14 07404 g010]







[image: Energies 14 07404 g011 550] 





Figure 11. Reliability level R(t) for bearings of the starter-generator. 
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Figure 12. Characteristics of the reliability function R(t) of brushes in the 200SGL129Q starter-generators. 
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Figure 13. Characteristics of the reliability function    R p   ( t )    of the starter-generation 200SGL129Q. 
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Table 1. Summary of the durability of bearings in the starter-generator.
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Durability of Bearings in the Starter-Generator for Different Temperatures (hours)






	
α1

	
13722




	
α2

	
12715




	
α3

	
11746




	
α4

	
11900




	
α5

	
12025




	
α6

	
12218




	
α7

	
12415




	
α8

	
12047




	
α9

	
11689




	
α10

	
12084




	
α11

	
12491




	
α12

	
11682




	
α13

	
10921




	
α14

	
12248




	
α15

	
13722
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Table 2. Calculation results of total durability for 10 starter-generators.
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	No.
	No. of the Starter-Generator
	T (hours)





	1
	8539XL
	1358



	2
	9782XL
	996



	3
	8544XL
	2265



	4
	7458XL
	1612



	5
	7460XL
	1927



	6
	7486XL
	1329



	7
	7485XL
	1838



	8
	7274XL
	1747



	9
	7240XL
	2321



	10
	9362XL
	1975
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