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Abstract 
A high efficiency pneumatic motor is presented, based on the coupling of two double-acting linear 

cylinders. The pneumatic motor is used in a chain of compressed air energy storage and drives an 

electric generator. The principle of coupling two cylinders of different sections allows to produce, in 

addition to the normal displacement work of the cylinders an additional amount of expansion work. 

This additional work finally elevates the total conversion efficiency of the motor, in comparison with 

the efficiency of a motor using a simple cylinder without expansion work and consuming an identical 

quantity of compressed air from the feeding reservoir. The use of cylinders with a section ratio of 

four leads to a doubling of the energy efficiency. The paper includes the simulation of a single 

cylinder system as well as the new proposed motor. Pressures in the chambers are presented as well 

as the developed torques at the output of the crankshaft. The paper includes the calculation of the 

efficiencies, based on the injected enthalpy. Then, the paper presents an original evolution of the 

motor in which the same performance can be achieved with one cylinder only. Finally, the paper 

presents an experimental set-up realized at a low power level. 

 

Keywords: Compressed air motor; energy efficiency; adiabatic expansion; compressed air energy 

storage; pneumatic cylinder 
 

Introduction 

In the context of the development of renewable energy sources the question of energy storage 

often appears as an important challenge. Beneath the classical solutions based on 

electrochemical batteries, alternative solutions as compressed air energy storage (CAES) 

have been proposed with the argument of being better suited for longer life cycles and free 

from recycling problems of the used materials [1], [2], [3]. For a significant energy density of 

a CAES system, high pressure of the storage vessel is demanded, together with compression 

and expansion processes in near isothermal conditions [4], [5], [6]. Such complex equipment 

leads to high design costs and important invested grey energy. 

Especially regarding the ratio of the needed investment for the realization to the amount of 

storable energy during the life cycle of the equipment, an original solution consists in storing 

the compressed air in immersed flexible underwater bags, the so called UWCAES. [7]. [8], 

[9]. For those installations, a limited depth of immersion means a limited storage pressure but 

has the advantage of being operated in the full storage capacity under constant pressure 

conditions [3]. Another condition for viable CAES systems is the energetic efficiency of the 

compression and expansion machines. This is the main concern of this paper, describing a 

pneumatic motor driving an electric generator as one element of the complete storage chain. 

Such a motor can be realized on the base of linear piston/cylinder devices available as high-

volume industrial components. In such a system, the linear movement of the piston is 

converted into the rotational motion using a conventional crankshaft and connecting rod. 

In order to increase the energetic efficiency, a pneumatic motor concept using two linear 

cylinders of different sections is described. In this concept, the linear cylinder pistons are 

connected to a classical crankshaft with crankshaft-pins shifted of 180°. This concept is 

based on the combination of an elementary work production with displacement of the piston 

under constant pressure with an additional work of thermodynamic expansion, leading to an 

augmented energetic efficiency [10], Fig. 1.  
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First, the dynamics of the piston/crankshaft assembly are 

given, with relations to calculate the torque and the 

produced mechanical work. 

 
 

Fig. 1: Pneumatic motor with enhanced efficiency. 

 

Then a simple pneumatic motor is described as a reference, 

where the cylinder works according the classical principles 

of pneumatic devices, namely with only a succession of 

sequences with constant pressure displacement work. The 

typical variables are simulated as the dynamics of the 

piston/crankshaft assembly and the developed torque. The 

energetic performance of this elementary motor is then 

evaluated. 

After that, a pneumatic motor with enhanced efficiency is 

described where an additional expansion chamber is 

coupled to the first single piston system. Pressures, forces 

and torques are simulated. Finally, the energetic 

performance is calculated and compared to the performance 

of the single cylinder system. An experimental system is 

also realized. 

In the last section of the paper, an original motor is 

presented in which the same performance can be achieved 

with a one-cylinder motor in which the displacement work 

and the expansion are realized in the same chamber with 

the help of a dedicated valve control system. 

 

The Elementary System 

Mathematical description of the piston/crankshaft 

assembly 

In Fig.2 the piston is represented with the connecting rod 

and the crankshaft. The parameters are indicated as r, the 

radius of the crankshaft, l the length of the connecting rod, 

and  the angle of rotation of the crankshaft. The diameter 

of the piston, d and its position x are also indicated. 

x

d

l
r

f

 
Fig. 2: Piston, crankshaft and connecting rod. 

The position of the piston is given through rel. (1) 

𝑥 = 𝑟(1 − 𝑐𝑜𝑠 𝜑) +
𝜆

2
𝑟 𝑠𝑖𝑛2 𝜑  (1) 

where the connecting rod ratio l is used and is defined as 

𝜆 =
𝑟

𝑙
     (2) 

The velocity of the piston is given by 

𝑣 = 𝜔 ⋅ 𝑟 ⋅ 𝑠𝑖𝑛 𝜑 (1 + 𝜆 𝑐𝑜𝑠 𝜑)  (3) 

In the simulation process, the torque developed by the 

motor is calculated through the indirect calculation of the 

power. If the force exerted on the piston is given by 

𝐹𝑝 = 𝑝 ⋅ 𝐴    (4) 

the mechanical power is defined by the product of the force 

by the piston’s velocity:  

𝑃𝑜𝑤 = 𝐹𝑝 ⋅ 𝑣    (5) 

The torque is obtained by the division of the power by the 

angular velocity w 

𝑀𝑚𝑜𝑡 = 𝑃𝑜𝑤/𝜔    (6) 

 
Fig. 3: Diagram of the forces for the calculation of the torque and 

reactions. 

 

A direct calculation of the torque is however possible with 

the extended model represented in Fig. 3. The force on the 

connecting rod Fs, the tangential force Ft and the reaction 

force Fn are also defined. The torque on the crankshaft is 

given by rel.7.  

𝑀𝑚𝑜𝑡 = 𝐹𝑡 ⋅ 𝑟    (7) 

The tangent force Ft is given by (8) 

𝐹𝑡 = 𝐹𝑠 𝑐𝑜𝑠( 𝜋/2 − (𝛽 + 𝜑))   (8) 

The force transmitted through the connecting rod Fs is 

calculated with the help of the piston force Fp and the angle 

beta (9) 

𝐹𝑠 =
𝐹𝑝

𝑐𝑜𝑠 𝛽
    (9) 

This angle is given by rel. (10) 

𝛽 = 𝑎𝑟𝑐 𝑠𝑖𝑛 (
𝑟

𝑙
⋅ 𝑠𝑖𝑛 𝜑)   (10) 

The perpendicular reaction Fn is defined as per (11) 

𝐹𝑛 = 𝐹𝑠 𝑠𝑖𝑛 𝛽 =
𝐹𝑝

𝑐𝑜𝑠 𝛽
𝑠𝑖𝑛 𝛽   (11) 

 

Simulation of a motor with one double acting cylinder  

A pneumatic motor is simulated where one double acting 

cylinder is used. The dimensions of the cylinder are: 

Diameter d=16mm 

The stroke is given by twice the radius of the crankshaft, 

namely Xa = 2*r =20mm 

The motor is running with a constant rotational speed, 

namely  = 31.4 rad/s 

First, the position of the piston is represented in Fig.4. The 

simulation lasts over two periods. 
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Fig. 4: Position of the piston. 

 

Then, the velocity of the piston is shown on Fig. 5. The 

curve shows the typical form due to the specific connecting 

rod ratio. 
 

 
 

Fig. 5: Velocity of the piston. 

 

The cylinder is fed with compressed air at a pressure of 10 

bar. The air is brought alternatively to the left and to the 

right side of the piston. The control valves are activated at 

the top and bottom dead centres. These points correspond 

to angles of 0° and 180°. 

The 16 mm diameter of the piston corresponds to a surface 

of  

𝐴 =
𝜋𝑑2

4
= 201 −𝑚𝑚2 − 𝑜𝑟 − 201 ⋅ 10−6𝑚2  (12) 

The force caused by the air pressure (first half period) is 

𝐹 = 𝐴 ⋅ 𝑝 = 201 ⋅ 10−6𝑚2 ⋅ 10 ⋅ 105𝑁/𝑚2 = 201𝑁 (13) 

On the opposite side of the piston, the atmospheric pressure 

causes a counter force of 20.1N, and the total force exerted 

on the piston becomes 

𝐹𝑡𝑜𝑡 = 201𝑁 − 20.1𝑁 = 180.9𝑁   (14) 

The total force is represented on Fig. 6 

 
 

Fig. 6: Force on the 16 mm piston (no expansion). 
 

The calculation of the torque applied to the crankshaft is 

done using the instantaneous value of the power. This 

quantity can be calculated through: 

𝑃 = 𝐹𝑡𝑜𝑡 ⋅ 𝑣    (15) 

The evolution of the power is shown on Fig 7  

 
 

Fig. 7: Power developed by the 16 mm piston. 

 

Then the torque follows as 

𝑀𝑡𝑜𝑡 =
𝑃

𝜔
     (16) 

and is represented in Fig. 8 

 
Fig. 8: Torque produced by the 16 mm piston (no expansion). 

 

Energetic efficiency 

The energetic efficiency of the motor is evaluated by 

calculation of the ratio of the mechanical energy obtained 

at the output to the enthalpy injected at the input of the 

pneumatic actuator. 

The transmitted mechanical energy is obtained from the 

simulation curve of Fig. 9 It corresponds to the time 

integral of the instantaneous power according rel. 17. The 

final value of the converted energy is equal to 14.46 J 

𝑊𝑜𝑢𝑡 = ∫ 𝑃(𝑡)𝑑𝑡
𝑡

0
   (17) 

14.46outW J=
 

 
 

Fig. 9: Energy transmitted from the 16 mm piston. 

 

The efficiency is calculated through rel. (18) 

𝜂𝑐𝑜𝑛𝑣 =
𝑊𝑜𝑢𝑡

𝛨𝑖𝑛
=

𝑊𝑜𝑢𝑡

𝑈+𝑃𝑖𝑛⋅𝛥𝑉
   (18) 

U is the thermodynamic content of the injected air under 
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pressure and is calculated as the energy needed for the 

compression into V1 of the equivalent mass of air from the 

atmospheric pressure to the value of Pin, V1 being the filled 

volume of the actuator during the total duration of the 

simulation (2 periods). 

The fully expanded volume of one chamber of the 16 mm 

piston system is 

2 2 6 3

16_ max 2 (0.016) 0.02 4.02 10
4 4

V d r m
  −=  =  =  (19) 

2 2 6 3

16_ max 2 (0.016) 0.02 4.02 10
4 4

V d r m
  −=  =  =   (19) 

and  

𝑈 = 𝐸𝑐𝑜𝑚𝑝 = 𝑃𝑖𝑛 ⋅ 𝑉1 (𝑙𝑛
𝑃𝑖𝑛

𝑃𝑎𝑡𝑚
− 1 +

𝑃𝑎𝑡𝑚

𝑃𝑖𝑛
)  (20) 

Numerically, and considering the two complete cycles 

(f =0…4), U becomes 

𝑈 = 𝐸𝑐𝑜𝑚𝑝 = 10 ⋅ 105𝑁/𝑚2 ⋅ 4 ⋅ 4.02 ⋅ 10−6𝑚3 ⋅

(𝑙𝑛
10𝑏𝑎𝑟

1𝑏𝑎𝑟
− 1 +

1𝑏𝑎𝑟

10𝑏𝑎𝑟
) = 22.5𝐽  (21) 

𝑃𝑖𝑛 ⋅ 𝛥𝑉 = 10 ⋅ 105𝑁/𝑚2 ⋅ 4 ⋅ 4.02 ⋅ 10−6𝑚3 = 16𝐽 (22) 

The efficiency becomes 

𝜂𝑐𝑜𝑛𝑣 =
𝑊𝑜𝑢𝑡

𝛨𝑖𝑛
=

14.46𝐽

16𝐽+22.55𝐽
= 0.375  (23) 

 

The High Efficiency Motor 

A pneumatic motor with enhanced efficiency - adding 

an expansion chamber 

Fig. 10 shows the pneumatic motor with enhanced 

efficiency. In addition to the first cylinder, a second one is 

coupled to the crankshaft. The two cylinders are moving in 

phase opposition. They have different sizes but have the 

same stroke. They are working in a cascaded way, meaning 

that the compressed air is feeding the small cylinder during 

the first half period (first stroke), and is then transferred in 

the chamber of the second larger cylinder, producing the 

expected expansion and providing additional work to the 

output. 

In the studied system, the cylinders have diameters of 

16mm and 32mm. The stroke of both actuators is equal to 

20mm. 

V32a V32b

V16bV16a
 

 

Fig. 10: Pneumatic motor with additional expansion chamber. 

 

The factor two of the diameter of the cylinders imposes a 

ratio of four concerning the volumes. 

The volume of the 16 mm cylinder is equal to 

2 2 6 3

16_ max 2 (0.016) 0.02 4.02 10
4 4

V d r m
  −=  =  =  (24) 

2 2 6 3

16_ max 2 (0.016) 0.02 4.02 10
4 4

V d r m
  −=  =  =   

and the volume of the 32 mm cylinder is 

2 2 6 3

32_ max 2 (0.032) 0.02 16.08 10
4 4

V d r m
  −=  =  =   (25) 

2 2 6 3

32_ max 2 (0.032) 0.02 16.08 10
4 4

V d r m
  −=  =  =   

 

The operating cycle is defined by the following steps: 

1) Filling of the small volume (V16a for 0° to 180°, 

respectively V16b for 180° to 360°) 

2) Transfer from the small volume (V16a for 180° to 

360°, respectively 16b for 0° to 180°) into the larger 

one (V32a, respectively V32b). 

The crankshaft with its crankpins placed at 0° and 180° 

defines the alternations between fillings and transfers. The 

control signals for the valves are generated from a position 

sensor.  

The pressure in the cylinders is constant during the fillings 

and varies during the transfer from the small volumes to the 

larger ones. The pressure changes are defined according an 

adiabatic expansion curve given by rel 26 

𝑃2 = 𝑃1 (
𝑉1

𝑉2
)
1.4

    (26) 

The different volumes of the cascaded cylinders are 

indicated in the schematic representation of Fig. 10. 

 

Simulation results 

The behaviour of a pneumatic motor with two 

complementary cylinders is simulated. First, the position 

and velocity of the two pistons are simulated. The changes 

in the pressures in the respective cylinders is also 

calculated. Then, the torque contributions of the small and 

of the larger cylinders are represented. 

 

Position and velocity of the two pistons 

First the positions of the two alternating pistons are 

represented in Fig. 11, and their velocity in Fig. 12. 

 
Fig. 11: Positions of the two cylinders. 
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Fig. 12: Velocity of the two pistons. 

 

Contributions of the 16 mm piston 

The pressure level in the chambers of first cylinder are 

imposed from the air supply during the first half period (the 

filling). Then, the pressure is given by the expansion of the 

air into the second cylinder. The pressures in the alternating 

chambers of the 16 mm cylinder are represented in Fig. 13. 

 
 

Fig. 13: Pressures in the chambers of the 16 mm cylinder 

 

From the pressures in the volumes of the first cylinder, the 

corresponding force is calculated according. 

 

𝐹 = 𝐴 ⋅ 𝑝    (27) 

 

The curves of the forces in the left volume (16a) and in the 

right volume (16b) are represented in Fig.14. These forces 

are represented according a convention of the normal axis 

to the surfaces of the piston. These forces are positive. 

 
 

Fig. 14: Forces exerted on the two sides of the 16 mm piston. 

 

The resulting force of the 16 mm cylinder is represented in 

Fig. 15 In this representation, the resulting force on the 

piston shows its direction. It is positive in the first half 

period (movement from left to the right), and negative in 

the other direction (180°-360°, movement from the right to 

the left). 

 
 

Fig. 15: Resulting force exerted by the 16 mm piston. 

 

The resulting force is then multiplied by the piston’s 

velocity to obtain the instant value or the mechanical 

power. This power concerns only the contribution of the 

16mm piston. 

𝑃 = 𝑣 ⋅ 𝐹     (28) 

The corresponding curve is shown in Fig. 16 

 
 

Fig. 16: Power developed by the 16 mm piston. 

 

The developed mechanical power of the 16 mm piston on 

the crankshaft is then divided by the angular speed, leading 

to the profile of the torque. 

𝑀16 = 𝑃/𝜔    (29) 

The corresponding curve is represented in Fig. 17 

 
 

Fig. 17: Torque developed by the 16 mm piston. 

 

Contributions of the second piston 

Fig. 18 shows the evolution of the pressure in the volumes 

of the second cylinder (the 32mm cylinder). The first curve 

shows the pressure in the left side chamber V32a, where 

the pressure is equal to the atmospheric pressure during the 
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first half period (0°-180°). This phase of the sequence 

corresponds to the exhaust phase where the expanded mass 

of air is released to the atmosphere. During this phase the 

piston is moving from right to the left, while the 16mm 

piston moves from left to the right. 

During the second half period (180°-360°), the pressure is 

decreasing from the level of the filling (10*105 N/m2), 

down to the level of 1.43*105 N/m2. This corresponds to an 

adiabatic expansion with a volume ratio of ¼. 

 
 

Fig. 18: Pressures in the chambers of the 32 mm cylinder. 

 

The second curve shows the pressure in the right chamber 

of this cylinder (V32b). The phases of exhaust and of 

expansion alternate all 180°, but are in opposite angular 

position in reference to the left side chamber. 

One can note the not identical evolutions of the expansions 

in the left and in the right chambers, this is due to the 

different evolution of the position of the piston in the first 

and second half periods. This is related to the not identical 

speed profile of the pistons with the specific ratio of the 

radius of the crankshaft to the length of the connecting rod. 

In the next figure (Fig. 19), the forces on the left and right 

sides of the 32mm piston are represented. In these curves 

the influence of the atmospheric pressure during the 

exhaust phases is taken in account.  
 

 
 

Fig. 19: Forces exerted on the 32 mm piston. 

 

For the calculation of the torque contribution of this 

cylinder, the same method as for the first cylinder is used, 

namely a calculation through the piston’s power. The 

power curve of the 32 mm piston is shown in Fig. 20. 

𝑃 = 𝑣 ⋅ 𝐹     (30) 

 
 

Fig. 20: Power curve of the 32 mm piston 

From the power curve, the torque is calculated.  

𝑀32 = 𝑃/𝜔    (31) 

The evolution of the torque M32 is represented in Fig. 21. 

 
 

Fig. 21: Torque contribution of the 32 mm piston. 

 

The total torque of the motor 

The total torque of the motor composed of the two 

contributions from each cylinder is calculated as  

𝑀𝑡𝑜𝑡 = 𝑀16 +𝑀32   (32) 

The evolution of the total torque is given in Fig. 22. 

The torque represented in Fig. 22 shows not identic 

contributions in the first and second half periods. This is 

due to the specific evolution of the pistons and their related 

speed in the two half periods. This corresponds to a system 

where the pistons are 180° phase shifted and where the 

same sides of the cylinders (left and right) are cascaded for 

the expansion.  
 

 
 

Fig. 22: Evolution of the total torque. 

 

System with pistons in phase and cross connected 

expansion ways 
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For the mechanical coupling of the two cylinders, another 

possibility exists in changing the position of the pins on the 

crankshaft for a synchronous evolution of both pistons 

(same phase position). To obtain a similar expansion of the 

air, cross connected exchange lines between the cylinders 

must be chosen for the transfer of the air. This solution is 

called the zero angle shifted pistons. The corresponding 

diagram is shown in Fig. 23. 

V32a V32b

V16bV16a
 

 

Fig. 23: System with pistons in phase and cross connected 

expansion ways. 

 

For the system with pistons in phase and cross connection 

of the expansion ways, the two torque contributions are 

calculated (16 mm and 32 mm pistons).  

 

Contributions of the small cylinder 

The torque contribution of the small cylinder (16 mm 

cylinder) is represented in Fig. 24, and the torque 

contribution of the 32 mm cylinder is represented in Fig. 

25. 

The curve in Fig. 24 shows an evolution of the torque that 

is of similar amplitude in the first and second half periods. 

The marked difference in the maximum amplitudes that 

was typical of the system with 180° shifted pistons (see 

Fig. 17) is strongly reduced. 

 
 

Fig. 24: Torque contribution of the 16 mm piston (in phase 

pistons and cross connection). 

 

Contributions of the larger cylinder 

The torque contribution of the larger cylinder (the 32 mm 

cylinder) is represented in Fig. 25. This time, the difference 

in the amplitudes of the maximum torque in the first and 

second period are marked. 

 
 

Fig. 25: Torque contribution of the 32 mm piston (in phase 

pistons and cross connection). 

Total torque of the motor 

The total torque developed by the motor with synchronous 

pistons is represented in Fig. 26 The curve shows less 

modulation as in the case of the motor with reciprocating 

pistons. 

To show the difference between both systems, the two 

curves are superposed in Fig. 27. 
 

 
 

Fig. 26: Total torque of the system with zero phase shift of the 

pistons 

 
Fig. 27: Comparison of the total torques of the two systems (0° 

and 180° shifted pistons) 

 

Energy converted and calculation of the efficiency. 

Converted energy 

The mechanical energy at the output of the pneumatic 

motor is calculated by integration of the power as was 

already done for the single cylinder. The curve showing the 

converted energy during the complete cycle (2 periods) is 

shown in Fig. 28. 
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Fig. 28: Converted energy. 

The energy amounts converted by the two systems as 

described in Fig. 10 and in Fig. 23 are represented in 

superposition in Fig. 29. The final values of the converted 

energy over the two periods are identic and reach the final 

value of 26.75 J 

 
Fig. 29: Superposed curves of the converted energy by the two 

systems (0° and 180° shifted pistons 

 

Efficiency of the system with expansion 

The efficiency of the system with expansion is calculated 

on the base of the produced mechanical work and the 

injected enthalpy into the system. In fact, this enthalpy is 

identic to the enthalpy injected in the cylinder of the first 

motor (one cylinder only, rel. (20)  

𝜂𝑐𝑜𝑛𝑣 =
𝑊𝑜𝑢𝑡

𝛨𝑖𝑛
=

𝑊𝑜𝑢𝑡

𝑈+𝑃𝑖𝑛⋅𝛥𝑉
  (33) 

The transmitted mechanical energy Wout is equal to 26.75 J 

as was described in the previous section 

U is the thermodynamic content of the injected air under 

pressure and is calculated as the energy needed for the 

compression into V1 of the equivalent mass of air from the 

atmospheric pressure to the value of Pin, V1 being the filled 

volume of the first actuator during the total running period 

(0° to 4). 

𝑈 = 𝐸𝑐𝑜𝑚𝑝 = 𝑃𝑖𝑛 ⋅ 𝑉1 (𝑙𝑛
𝑃𝑖𝑛

𝑃𝑎𝑡𝑚
− 1 +

𝑃𝑎𝑡𝑚

𝑃𝑖𝑛
) (34) 

Numerically, and considering the two complete cycles (f 

=0…4), U becomes 

𝑈 = 𝐸𝑐𝑜𝑚𝑝 = 10 ⋅ 105𝑁/𝑚2 ⋅ 4 ⋅ 4.02 ⋅ 10−6𝑚3 ⋅

(𝑙𝑛
10𝑏𝑎𝑟

1𝑏𝑎𝑟
− 1 +

1𝑏𝑎𝑟

10𝑏𝑎𝑟
) = 22.5𝐽  (35) 

𝑃𝑖𝑛 ⋅ 𝛥𝑉 = 10 ⋅ 105𝑁/𝑚2 ⋅ 4 ⋅ 4.02 ⋅ 10−6𝑚3 = 16𝐽  (36) 

The efficiency becomes 

𝜂𝑐𝑜𝑛𝑣 =
𝑊𝑜𝑢𝑡

𝛨𝑖𝑛
=

26.75𝐽

16𝐽+22.55𝐽
= 0.693   (37) 

 

Comparison of the mechanical work 

The mechanical work obtained at the output of the two 

systems, namely the single cylinder motor and the motor 

with cascaded cylinders with expansion are represented in 

Fig. 30 for comparison. The figure shows that the energy 

converted by adding an expansion chamber can be nearly 

doubled. This is fully compatible with the energy 

efficiencies calculated for the two systems (rel. 18 and rel. 

33). 

 
Fig. 30: Comparison of the produced works. 

 

Experimental set-up 

An experimental set-up of a system with 180° shifted 

crankshaft pins has been realized. The pneumatic cylinders 

are of 16 mm diameter, respectively 32 mm. The stroke is 

equal to 20 mm. The system is controlled from a position 

sensor mounted on the rotating shaft. The air valves are 

controlled according the sequential diagram of Fig. 31. The 

whole system with its control electronics is represented 

schematically in Fig.32. 

X16a

X16b

X_tr_a

X_tr_b

X_exh_a

X_exh_b

O° 18O° 36O°

 
 

Fig. 31: Control sequence of the pneumatic valves 

 

V32a V32b

V16bV16a

X16a

X16b

Xtr_b

V32a V32b

V16bV16a

+12 V

0 V

X16a

X16b

Xtr_b

Xtr_a

Xexh_a

Xexh_b

X_contr

 
 

Fig. 32: Pneumatic motor assembly with control of the pneumatic 

valves. 
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Fig. 33: Experimental set-up with two cylinders 

Displacement work and expansion in the same cylinder 

Basic principle 

The principle described previously has the interesting 

property to strongly increase the energetic efficiency. The 

principle is based on the association of a displacement 

work realized in a first cylinder, and of an additional 

expansion work in a second one. The possibility however 

exists to combine the two contributions of mechanical work 

in one cylinder only. For such a system, one cylinder of the 

size of the second cylinder of the previous two-cylinder 

system is chosen, leading to an identical final volume of the 

expansion. The intake of air is chosen identical to the 

volume of the small cylinder of the previous system but is 

realized inside of the same cylinder as for the expansion. 

The intake corresponding to the displacement work is so 

realized during a partial stroke of the single cylinder, and 

the expansion is realized during the remaining part of the 

same stroke. Consequently, the control of the intake and 

exhaust valves must be newly defined. 

Additionally, the evolution of the volumes of the left- and- 

right-side chambers of the cylinder being asymmetric, the 

intake angles of the crankshaft will also be different for the 

two chambers. 

The principle of realizing the displacement work and the 

expansion work in the same cylinder has been already 

proposed for a classical engine [11] and is adapted in this 

study for a motor based on a double effect linear cylinder 

as used in the previous paragraphs. 

 

Asymmetrical evolution of the piston and design of the 

intake angles 

An interesting property of the motor is given by the 

asymmetric evolution of the piston in its descending and 

ascending motions. The asymmetric evolution can be 

observed on the curve of the piston’s velocity as shown in 

Fig. 34. 

 
 

Fig. 34: Evolution of the speed of the piston in the linear cylinder. 

 

Especially, the rise of the speed in the first quarter of period 

is faster than the rise in the third quarter. 

The study of the system given in this section is based on a 

cylinder having the same parameters as the larger one of 

the double cylinder system of the previous sections. The 

displacement work is also adjusted to the value as in the 

previous system, with a corresponding volume being equal 

to one fourth of the volume of the larger cylinder. As a 

result, the displacement work as well as the expansion work 

of the motor with displacement/expansion in the same 

cylinder will be theoretically identical to the values of the 

two-cylinder motor.  

The consumption of air from the pressurized reservoir is 

also identical to the consumption of the double cylinder 

system.  

The displacement work of the descending stroke is defined, 

in addition to the value of the pressure and the piston’s 

surface, through the length of the displacement as indicated 

with the parameter xint_a in Fig. 35. For a cylinder having a 

maximal stroke of 20mm, the displacement length must be 

chosen as 5mm (1/4 of the maximal stroke). 

The displacement work of the ascending stroke is defined 

through the length of the displacement as indicated with the 

parameter xint_b in Fig. 35. This parameter is chosen as 

identic to the displacement length xint_a of the descending 

stroke. 

𝑥𝑖𝑛𝑡_ 𝑏 = 𝑥𝑖𝑛𝑡_ 𝑎 =
1

4
⋅ 20𝑚𝑚 = 0.005𝑚 (38) 

Fig. 34 defines the parameter xint_b0 for the ascending stroke 

int_b0 stroke_ max int_ bx x x 0.020m 0.005m 0.015m= − = − =
 

fint_b

fint_a

xint_a

xint_b0

xint_b

 
Fig. 35: Lengths of the displacements in descending and 

ascending motions. 

 

From rel. (1), the lengths of the displacements are defined 

as 

𝑥𝑖𝑛𝑡_ 𝑎 = 𝑟(1 − 𝑐𝑜𝑠 𝜑𝑖𝑛𝑡_ 𝑎) +
𝜆

2
𝑟 𝑠𝑖𝑛2 𝜑𝑖𝑛𝑡_ 𝑎 (39) 

𝑥𝑖𝑛𝑡_ 𝑏0 = 𝑟(1 − 𝑐𝑜𝑠 𝜑𝑖𝑛𝑡_ 𝑏0) +
𝜆

2
𝑟 𝑠𝑖𝑛2 𝜑𝑖𝑛𝑡_ 𝑏0 (40) 

The values of the rotation angles of the crankshaft fint_a and 

fint_b0 to move the piston up to the positions of xint_a and 

xint_b0 are obtained through successive approximations 

using the relations (39) and (40), namely 

𝜑𝑖𝑛𝑡_ 𝑎 = 53.5°    (41) 

𝜑𝑖𝑛𝑡_𝑏 0 = 247.5°    (42) 

These angles correspond to the position of the crankshaft 

where the intake valves have to be closed, respectively 

where the expansion work begins in the chambers. 

To design the real intake angles for the descending and 

ascending strokes, the following angles for the openings of 

the intake valves are given 

𝜑𝑖𝑛𝑡_ 𝑎_𝑜𝑝𝑒𝑛 = 0°    (43) 

𝜑𝑖𝑛𝑡_𝑏_ 𝑜𝑝𝑒𝑛 = 180°   (44) 

The real intake angles become 

𝜑𝑖𝑛𝑡_ 𝑎 = 53.5°    (45) 

𝜑 𝑖𝑛𝑡_𝑏 0𝑖𝑛𝑡_𝑏    (46) 

The difference between these two values is in relation with 
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the asymmetrical motion in the descending and ascending 

strokes as described at the beginning of this section. 

For the exhaust of the expanded air, the openings and 

closings of the exhaust valves are 

𝜑𝑒𝑥ℎ_ 𝑎_𝑜𝑝𝑒𝑛 = 180°   (47) 

𝜑𝑒𝑥ℎ_ 𝑎_𝑐𝑙𝑜𝑠𝑒     (48) 

𝜑𝑒𝑥ℎ_𝑏_ 𝑜𝑝𝑒𝑛 = 0°(𝑜𝑟360°)  (49) 

𝜑𝑒𝑥ℎ_𝑏_𝑐𝑙𝑜𝑠𝑒    (50) 

 

Control of the valves 

From the definitions of the previous paragraph, the control 

sequences of the intake and exhaust valves can be defined. 

The evolution of the signals is represented in Fig. 36. The 

signal names are explicit. 

intake_a

exhaust_a

Intake_b

exhaust_b

 
 

Fig. 36: Control signals for the intake and exhaust valves. 

 

From the sequence diagram of Fig. 36, three independent 

position sensors are needed. The first is controlling the 

intake valve at side a of the piston: 

Intake_a = Xin_a   (51) 

The second sensor controls directly the intake valve at the b 

side of the piston 

Intake_b = xin_b   (52) 

For the two exhaust valves, only one sensor is needed. Its 

signal (zeropi) changes all 180°. 

The control signals are generated according 

𝑒𝑥ℎ𝑎𝑢𝑠𝑡_𝑎 = 𝑧𝑒𝑟𝑜𝑝𝑖
________

   (53) 

𝑒𝑥ℎ𝑎𝑢𝑠𝑡_ 𝑏 = 𝑧𝑒𝑟𝑜𝑝𝑖   (54) 

Figure 37 shows the elements of the sensor system. The 

sensors can be for example of the ferrostatic type, reacting 

to the presence of a ferromagnetic surface (black sectors on 

the rotating disks).  
Xin_a Xin_b zeropi

 
 

Fig. 37: Position sensors for the control of the intake and exhaust 

valves. 

 

A global schematic diagram of the system with its control 

and position sensors is given in Fig. 38. 

 

V32a V32bV32a V32b

220 VAC

+12 V

0 V

Xint_b

Xint_a

Xexh_a

Xexh_b

Xin_a

Xin_b

zeropi

 
 

Fig. 38: Schematic diagram of the system with control and 

sensors. 

 

Evolution of the volumes of the chambers 

The evolution of the volumes of each chamber (a and b side 

of the piston) are represented in Fig. 39 and 40. The curves 

show the same asymmetry of the rate of change of both 

volumes. 

 
 

Fig. 39: Evolution of the volume of chamber a 

 
 

Fig. 40: Evolution of the volume of chamber b 

 

Force exerted on the piston 

The force exerted on the piston is given by the pressure 

multiplied by the piston’s surface. In Fig. 41, the total force 

is represented as the sum of different components: 

- Force on the a-side of the piston given by the pressure 

during intake and expansion 

- Force on the b-side of the piston given by the pressure 

during intake and expansion 

- Forces on the a and b-sides of the piston given by the 

atmospheric pressure during exhaust 

 

The force is positive during the first half-period (motion 

from left to the right), and is negative during the second 

half-period (motion from the right to the left). It is easy to 
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understand the constant value of the force during the intake, 

when the pressure is constant, and the typical decrease 

during expansion. 

 
Fig. 41: Total force exerted on the piston. 

Torque and power 

With the goal to evaluate the waveform of the torque, the 

same method as in the previous sections is used, namely the 

indirect calculation through the instantaneous value of 

power. This value is the product of the force multiplied by 

the piston’s velocity and is represented in Fig. 42. This 

representation shows different values of the maxima of the 

power during the descending and ascending strokes. This 

difference is caused by the different velocities of the piston, 

even if the value of the force is the same during both 

intakes. 

 
Fig. 42: Mechanical power transmitted to the crankshaft 

 

The value of the torque is then obtained by dividing the 

power by the angular velocity of the crankshaft. The 

corresponding curve is given in Fig. 43. 

 
Fig. 43: Torque produced by the motor. 

 

Mechanical work produced 

The mechanical work produced is obtained by integration 

of the power over the two periods. The corresponding curve 

is given in Fig. 44. The final value of the produced work is 

26.85 J. This value corresponds to the work produced by 

the system using two cylinders described through Fig. 28. 

A small difference is observed (26.75J instead of 26.85J) 

but is due to the precision of the simulation. The two 

systems must theoretically produce the same amount of 

work, because they are characterized both by a 

displacement at constant pressure over the same volume, 

followed by an expansion of the same amount of air with 

an identic volume ratio. 

The pointed shape of the torque of the system with one 

cylinder (Fig. 43) can be the reason of the small difference 

obtained in the simulation. 

 
Fig. 44: Mechanical work produced by the system with 

displacement and expansion in the same cylinder. 

 

Conclusions 

A high efficiency pneumatic motor based on double-acting 

linear cylinders is proposed, which consists in a tandem 

operation of a small cylinder and a larger-one coupled to a 

common crankshaft. The energetic performance of this 

motor is nearly doubled in comparison to a classical system 

using only one cylinder and operating with displacement 

work under constant pressure and having the same air 

consumption. 

A simplified version using only one cylinder for the 

association of displacement and expansion work is also 

proposed and have similar energetic performance. This new 

system needs however a more complex position sensor and 

control circuit for the intake and exhaust valves. 
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