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This paper focuses on nonlinear dynamic analysis of solar-powered free piston hot-air engine.
First, dynamic and thermodynamic equations governing the free piston hot-air engine are
extracted. Accordingly, by coupling the obtained relationships, nonlinear behavior of the free
piston hot-air engine is simulated. Then, motion and velocity of the pistons in steady state
condition are discussed using numerical solution of the nonlinear equations and using the phase
plane analysis. Next, the stroke of pistons, maximum and minimum volumes and pressure as well
as the produced work and power are studied corresponding to the change of temperatures in the
hot and cold chambers. Since the damping coefficient between power piston and the cylinder wall
is variable due to the temperature changes and environmental conditions, its effect on the stroke
of pistons, maximum and minimum volumes, pressure, produced work and power is investigated.
The results obtained clearly indicate that there is an optimal power for certain value of damping
coefficient. Then, the stroke of the pistons, maximum and minimum volume and pressure as well
as the produced work and power are studied according to the changes in engine parameters such
as mass and stiffness of work and displacer pistons. The ranges of variations of engine parameters
are selected so that the motions of displacer and power pistons fall into limit cycle. Finally,
sensitivity analysis of the produced power is carried out considering changes in engine
parameters.

Keywords:
Free piston hot-air engine
nonlinear dynamics
phase plane
power

  

1 -   
 

  .

. 

 .
1964  .

 .



    

                 

  

224  139415 9  

   

 .
  .

1234

5 6 .]1[ 

 .
]2[ 

 ]3[ 
 

 
  

  
 .]4[ 

  .]5[  
 

   
 .]6[ 

 
 .

 

         
.  

   .

 . 
  .

]7[ 
100150250 

 .250 
 .

]8[ 

1- Duplex
2- Diaphragm 
3- Single Acting 
4- Double Acting 
5- Pendulum 
6- Hybrid

400   
   .

]9[ 
 

 .]10[ 
  

  .]11[ 
  

 .]12[ 
  

 .]13[ 

20 100  .
 .

 
 .

. ]14[   
 7   

 .]15[ 

3  .]16[ 
 .

 .
 .

]17[  

 .

 
               
 . 
  .

  .

  .
  



    

                 

139415 9  225  

2 -   
1  

   
  . 

 . 

 .1 
  .

 .

   
1    

 . 

 .   
 

 .
  

 .
  

  

  

1     

  .

  

 . 

 . 

 .  

 .
 .

 .
 .   

  

3 -  
1 

  

)1(  
= + ( ) +

( ) ( )  

)2(  
= ( ) + ( )

( )  

    .
 

   
)3(  = +  
)4(  = + ( ) ( ) 

 )3 ( )4 (
  .

) 3)  (4)  (1)  (2(
)5)  (6 (]1[:  

)5(  
M y + b(y x) + b y + K y 

= ( )( ) 
)6(  + ( ) + + = ( )  

) 5)   (6 (
 .

 ]1[:  

)7(  = + +
( )

( )  

  )7 (       
  .    .  
 1     

       .1
          

 
 

 
 



    

                 

  

226  139415 9  

)8(  =  
)9(  = + ( ) ( )  

   )5 ( )9 (    
 :  

)10(

+ ( ) + +  

(
+ ( ) ( )

+

+
( )

( ) ) )( ) 

)11(

+ ( ) + +  

(
+ ( ) ( )

+

+
( )

( ) ) )( ) 

4 -   
  )10 ( )11( 

           .
         :  

)12(  [ ] + [ ] + [ ] =  
           :  

)13(  [ ] =  

)14(  [ ] =
+

+  

)15(  [ ] =  

)16(  = ( )
( )( )  

           
        :  

)17(  

= ( )
[ ] + [ ]  

[ ]
( )

[ ]  

( )
[ ] [ ]  

)18(  = [ ] 

5 -  
) 10 ()11 (

1
  

  

5-1-   
 

  
  

 .
1  234 5 

 . 2 
  

) 3 .(4 
 

 ) 5.(  

5-2-   

 .
  

 .6 7  
 

  

5-3-  
  
 

   
 

 .  
  

  
  

2    
  

1 ]1[
      

 0028/0 (m ) 
000158/0 (m ) 

1/0 N. s m  
5 N. s m  

12/0 (m) 
09/0 (m) 

 580(g) 
 210(g) 
 810 N m  
 1015 N m  

700(K) 
300(K) 

(
) 

 



    

                 

139415 9  227  

  
)   
  

3   

  
  

  

4   

  
  

  

5    

  
)   
  

6    

 
  .) 10)  (11 (

 .

]18[ .8 

 .9 
 .

8 9 

 ]18[ .10 11 

 .
 ]18[.  

5-4-  
  

]1[ 100   
  

  
  

  

7   
  

  
  

  

8 )   

(
) 

 
(

) 
 

 )
 

 
(

 )
 

 
(

 )
 

 
(

(
) 

 



    

                 

  

228  139415 9  

  
)   

9 )   

  
)   

10 )   

  
)   

11 )   

        ¬    ¬ 
        ¬       

    ¬        .    
      100        

  

 
]16 13[ .

1 700 
 .12 

15 
685 700 

 
 .12 

 06/0 09/0 17/0 155/0 
  .13 

00037/0 00051/0 00022/0   00008/0 
 .14 
28/1 68/1 

04/1 85/0  .15 

5/1 25/5   
15 1 

15 
64/14 24/51 

  
16 19 300 310 

 

  .16 

155/0 17/0 088/0 062/0  .
17 00051/0 
00037/0   00008/0 
00022/0  .18 

68/1 3/1 
85/0 1  .

25/5  2 
19   

  

   
  

  

12 
   

-  - - -  -  
            

(
) 

 

 )
 

 
(

 )
 

 
(

  )
 

 
(



    

                 

139415 9  229  

  
  

13  
  

5-5-  

  

 .

 .
 .

 . 20 
23 

 .20  
.  
21 22 

      .
23  

  

  
)   

14  
  

  
  

 15   
  

  
  

16   
   

)   

17 
  

 
  

  

-  - - -  -  
            

 -  -  - -  -  
            

-  -  - -  
            

-  -  - -  
            

(
) 

 

  )
 

(

  )
 

(

 
 

)  
(

) 
(



    

                 

  

230  139415 9  

  

  
  

18  
  

  

  
  

 19 
   

  

  
  

20   

  
)   

21   
  

  
  

22 
  

  

  
)   

23   

23 14/57 
  

 - -  - -  -  
            

 -  -  - -  
            

-  -  - -  
            

-  -  - -  
            

 
 

 
) 

(
) 

(

 
 

) 
(

  )
 

(
)

(

(
) 

 



    

                 

139415 9  231  

5-6 -      
  

  
 .   

 .
 .

24 
30  .24 80 

  
155/0 17/0 

47/0 5/0  .
  68/1 6/7  

85/0 5/0 ) 25 .(26 

  .
 .

  
27 5/2  

155/0 17/0 
09/0 06/0  .28 

5/2 
00051/0 00008/0 00038/0 00021/0 

 . 29 
 5/2 68/1 28/1 

85/0 1  .30 
 

3/5 5/0 
 .30 

 .5/2 
 24/51 94/4 

  

  
  

  

24   

  
  

25   

  
)   

26   

  
  

27    

5-7-    
  

  
  .  

  

 - -  - -  - -  
            

-  - - -  -  
            

-  -  - -  
            

(
) 

 

(
) 

 
) 

(
 

 
) 

(



    

                 

  

232  139415 9  

  
  

28   

  
  

29   

 
 

   
 .

]1[ .
31 37 

  
31 20 

155/0 17/0 
09/0 08/0  .32 

00051/0 0004/0 
00008/0 00019/0  .

33 68/1 
35/1 85/0 89/0  .

34 
3/5 9/1 24/51 

79/17   

35  810 890   
155/0 

17/0 39/0 42/0  .36 
68/1 5/4 

85/0 5/0  .37 
 . 

.  
37  

 . 

  

  

6 -   
   

 .
  

   
  

  
  

  

30    

  
  

  

31   

------ -  
            

-  -  - -  
            

-  -  - -  
            

(
) 

 
) 

(

  )
 

(
 

 
) 

(



    

                 

139415 9  233  

  
   

32   

  
  

33   

  
  

34   

 . 
   5/2 

24/51 94/4   
  

 .20 
24/51 79/17  .15 

6/36 
1  .10   

  

  
  

35    

  
  

36 

  
  

37   

------ -  
            

-  -  - -  
            

-  -  - -  
            

-  -  - -  
            

(
) 

 

 
 

) 
(

  )
 

(
) 

(

 
 

) 
(

) 
(



    

                 

  

234  139415 9  

24/51 766/19 
 .

 
 .  

 .

  

7 -   
     )m(  
       )m(  

       N. s m  
       N. s m  
      N. s m   
   N m   
   N m   

        (m)  
       (m)  
    (kg)  
  (kg)   
  (kg)   
   (N/m )  
  (N/m )   
   (K)  
  (K)   
   (m )

       (m )  
  (m )   
   (m )   
 (m )   

   (m)

  (m)   

8 -  
[1] G.Walker, Stirling engines, Oxford:Clarendon Press pp.8-256,1980.  
[2] N. C. J. Chen, F. Griffin, review of Stirling Engine Mathematical

Models, Operated By Union Carbide Coparation For The United States
Department of Energy pp.1-43, August 1983.

[3] R. Mikalsen, A. P. Roskilly, review of free-piston engine history and
applications. Applied Thermal Engineering Vol 27, pp.2339-2352, 2009.  

[4] S. Kwankoameng, Promvonge, Investigation on Free piston stirling
Engine and Pneumatic Output, TSME International conference on
Mechanical Engineering, 20-22 October, 2010.

[5] S. Kwankoameng, B. Silpsakoolsook, P. Savangvong,Investigation on
Stability and Performance of Free piston Stirling Engine. Energy
Procedia Vol. 52, pp.598-609, 2014.  

[6] D. Minassians, Seth R. Sanders, Multiphase Stirling Engines, Journal of
Solar Energy Engineering Vol. 131,pp. 1013-1024, MAY 2009.  

[7] I. Carvajal, F. Sanchez, D. Omana, S. Miranda, Methodology for Analysis of
the Performance of Mesh-Type Regenerators, Research and Application
in Mechanical Engineering (RAME) Vol. 3, pp. 39-45, 2014.  

[8] P. Gheith, F. Aloui, S. B. Nasrallah, Study of the regenerator constituting
material influence on Gamma type Stirling engine, Journal of
Mechanical Science and Technology ,Vol. 26, No .4, pp. 1251-1255, 2012.  

[9] C.Dodson, A. Razani, T. Roberts, Model for Exergy Efficiency and
Analysis of Regenerators, International Cryocooler Confrence Vol. 15,
pp.353-360, 2009.

[10] F.Formosa, J. J. Chaillout, Free Piston Stirling engine design using
simulitude theory, Power MEMS pp. 562-565, 2009.

[11] L. B. Penswick, W. T. Beale, J. G. Wood, Free piston Stirling engine
conceptual Design and Technologies for Space Power Prepared for lewis
Research center under contract NASA3-23885, 1992.

[12] J. A. Riofrio, E. J. Barth, Free Piston Compressor as pneumatic mobile
robot power supply design characterization and experimental
operations, International Journal of Fluid Power Vol 8, No.1, pp.17-28,
2007.  

[13] A. R. Tavakolpour, A. Zomorodian, A. A. Golneshan, Simulation,
construction and testing of two-cylinder solar Stirling engine powered
by flat-plate solar collector without regenerator Renewable Energy Vol.
33, pp.77-87, 2008. 

[14] J. G. Wood, N. W. Lane, W. T. Beale, Preliminary Design of kw Free-
Piston Stirling Engine with Rotary Generator output,  International
Stirling engine conference, Sunpower, Inc, Athens, Ohio USA, Vol. 10, No
80, 2001.

[15] D. Guozhong, Yan Jiwei, Sh. Shuiming, D. Chen, Typical Simulation of
3-KW Stirling Engine, TELKOMNIKA indonesian journal of Electrical
Engineering Vol. 10, pp. 1273-1279, 2012.  

[16] H.Jokar, A. R. Tavakolpour, navel solar-powered active low
temperature differential Stirling pump, Renewable Energy Vol. 81, pp.
319-337, 2015.

[17] SH. Zare, A, R, Tavakolpour-Saleh, H, Jokar, Effect of limitted heat
transfer on dynamics of solar-powered hot air engine basesd on linear
automatic control approach, The first annual Congress on World and
Energy crisis Shiraz, Iran, 2015. (In Persian)

[18] J.E. Slotine, W. Li, Applied Nonlinear Control, Prentice-Hall, pp. 17-39
1991. 


