
DYNAMICS OF INTERNAL COMBUSTION ENGINE WITH VARIABLE 
COMPRESSION RATIO 

 
Assoc. Prof. Dr. eng. Nikolov V., Assist. Prof. eng. Ambarev K. 

Faculty of Mechanical Engineering – Technical University Sofia, branch Plovdiv, Bulgaria 
 
Abstract: The paper presents and analyses the results for the dynamic loads of the crankshaft mechanism units, established in the MATLAB 
with Simulink computer simulation model for studying the processes of the operating cycle of internal combustion engines with variable 
compression ratio. Numerical experiments were conducted in order to limit the maximal loads of gas pressure force of the crankshaft 
mechanism, with variation of compression ratio down to different minimal values and with different values of intake pressure. 
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1. Introduction 
 
Internal combustion engines (ICE) with variable compression 

ratio (VCR) assures possibilities of exploitation characteristics and 
efficiency improvement, and reduces bad emissions and load of the 
elements of its crankshaft mechanism.  The higher pressure and 
temperature of the operating substance at the end of the 
compression, as a result of higher compression ratio - ε, gives 
possibility for reduction of inductive period and increases the 
burning speed. We have a shorter time for combustion as a result of 
this, with lower loads and higher value of ε. It is also typical for 
ICE with VCR to have higher value of thermal efficiency. There 
are different methods and scheme solutions to change and regulate 
ε while ICE is working, that can be seen in [2, 3, 4, 10, 11]. 

 With one of those methods, initially described in [11], the 
change and the automatic regulation of ε is realized by means of 
compound piston with inbuilt three-chamber oil system with one 
pressure relief valve and two check valves, the scheme of which is 
presented in [4, 5, 11]. 

The mathematical model of the operating cycle of ICE with 
VCR, made by compound piston, is a system of ordinary 
differential equations, derived from ICE theory, thermodynamics, 
hydrodynamics and mechanics. With the system of differential 
equations are described operating substance parameters during 
periods of intake process, compression, expansion and exhaust 
process, and dynamics of the movement of external piston against 
the inner one. It includes equations for dynamic equilibrium of the 
external piston and the needle of pressure relief valve, the equation 
for the dynamics of combustion and heat, the equation of 
continuity, the equation for ε and the equation for the relative 
volume of operating substance [11].  

A simulation model of four-stroke ICE in Simulink [6] is 
realized, based on mathematical description of the successively 
implemented processes of the operating cycle of ICE with VCR 
[5]. In the auxiliary script file to the simulation model are 
described, initialized and calculated the necessary constructive and 
regime parameters of the engine and the operating substance.  

In structural terms, the simulation model consists of several 
subsystems: subsystem to determine the angle of rotation of the 
crankshaft as a function of time, subsystem to determine the 
kinematic parameters of the piston – path, velocity and 
acceleration, subsystem to determine the operating volume, 
subsystem to determine the pressure of the operating substance and 
subsystem to determine the forces acting on crankshaft mechanism 
units, as well as on torque of ICE. Individual subsystems are 
described in details in [6].  

The simulation model of ICE with constε =  [6], allows 
possibility for calculating the parameters of four or two stroke ICE 
with valve timing, valve-contour or contour gas distribution [8]. 
With the simulation model were carried out numerical experiments 
with different values of the parametre in Vibe’s function for 
velocity of the relative combustion heat at the same initial angle, 
then the optimal values of the initial angle of relative heat were set 
[7]. 

 

 
 

Fig. 1. Simulation model of ICE with VCR 
 
The simulation model ICE with VCR (fig. 1) is built based on 

simulation model of conventional ICE, which is extended with 
subsystem for determining the relative movement of the external in 
relation to the internal piston and subsystem for determining the oil 
pressure in the upper and lower hydraulic chambers of compound 
piston, the peculiarities of the operation of pressure relieve valve 
and check valve were taking into account. Some subsystems are 
modified, such as the volume of the working space subsystem, and 
additional connections are built between certain subsystems of the 
simulation model [1].  

 
2. Simulation results for dynamic parameters 
 
2.1. Simulation results at VCR and constant intake pressure 
 
With the simulation model of the operating cycle of ICE with 

VCR were carried out numerical experiments at varying ε to its 
various minimal values – from 15 to 21. The influence of change of 
ε at constant intake pressure, equal to atmospheric -

0 101300p Pa= , was researched, both on the processes of 
operating cycle of ICE with VCR, and on the load of its mechanism 
units [9]. 
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Fig. 1 presents graphical results of the working space volume 
at minε , which is defined by the absolute movement of the external 
piston.  
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Fig. 1. Cylinder volume at min 21;19;17;15ε =  and  int 101300akep Pa=  
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Fig. 2. Indicator diagram at min 21;19;17;15ε =  and  int 101300akep Pa=  

 
From the results presented graphically on the operating 

substance pressure at different values of minε  in fig. 2 can be 
concluded that at the reduction of minε  occurs a lower peak value of 
the pressure during combustion, due to larger volume of the 
combustion chamber, as a result of the relative movement of the 
external piston. 
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Fig. 3. Gas pressure force at min 21;19;17;15ε =  and  int 101300akep Pa=  

 
Fig. 3 presents graphical results of the gas pressure force at 

different values of minε . As a result of the lower peak values of the 
pressure are obtained considerably lower peak values of gas 
pressure force. The same conclusion can be made about the sum 
from the gas and inertia forces, that used to be called summary 
force, wich is transmitted to the crankshaft units and forms their 
working load. 

The following results are presented in [9]: for the force of 
interaction between the external piston and the cylinder, also called 
normal force; for the force transmitted through the connecting rod; 
for the summary force of friction between external piston and 
cylinder; for the force acting in a normal plane of knee and for the 
tangential force that forms the torque.  

 
2.2. Simulation results at VCR and differently intake 
pressure 
 
In order to limit the maximal values of the crankshaft unit load 

a numerical experiments were carried out with the simulation model 
of the operating cycle of ICE with VCR, by means of proper 
combinations of the minimal value of ε and the intake pressure. In 
order to limit the maximal pressure value of the cycle it is 
necessary, for increasing the intake pressure, to expand the interval 
of change of the compression ratio by means of reducing of the 
minimal value.  

The numerical experiments are conducted at constant torque 
frequency and constant maximal value of compression 
ratio max 21ε = , and at the following values of minimal compression 
ratio and intake pressure: 

1) 21constε = =  и 0 101300p Pa= ; 
2) min 19ε =  и 112000kp Pa= ; 
3) min 17ε =  и 126000kp Pa= ; 
4) min 15ε =  и 145500kp Pa= . 
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Fig. 4. Indicator diagram at min 21;19;17;15ε =  and  

int 101300;112000;126000;145500akep Pa=  
 

Fig. 4 shows the indicator diagrams, built with calculated 
values of the pressure for the above mentioned four options. The 
indicator diagrams show that a limit is reached with the peak value 
of the pressure at increasing the intake pressure by expanding the 
interval of variation of ε. 

Fig. 5 shows the results of gas pressure force, the maximal 
value of which is limited with increasing the intake pressure by 
expanding the interval of variation of ε to lower values of minε .  
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Fig. 5. Gas pressure force at min 21;19;17;15ε =  and  

int 101300;112000;126000;145500akep Pa=  
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Fig. 6. Summary force at min 21;19;17;15ε =  and  

int 101300;112000;126000;145500akep Pa=  

 
Fig. 6 presents the results for the summary force, acting on the 

external piston with the four options. As a result of the limited 
maximal value of gas pressure force at the established frequency 
mode of ICE with VCR we receive limited maximal value of the 
summary force as well.  
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Fig. 7. Thrust force at min 21;19;17;15ε =  and  

int 101300;112000;126000;145500akep Pa=  
 

In fig. 7 is presented the interaction force along the normal to 
the surface of the cylinder between the external piston and the 
cylinder. With different values of intake pressure and minimal 
compression ratio we receive different maximal values of the normal 
or thrust force. Higher maximal values correspond to higher intake 
pressure values and respectively to lower values of minε . 

 

0 180 360 540 720
-250

-200

-150

-100

-50

0

50

100

150

α , deg

P
f, N

 
Fig. 8. Friction force at min 21;19;17;15ε =  and  

int 101300;112000;126000;145500akep Pa=  
 

Fig. 8 shows the results for the summary friction force between 
the external piston and the cylinder. Higher values of maximal and 
minimal summary friction force can be obtained when minε is reduced 
and intake pressure is increased.  
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Fig. 9. Connecting rod force at min 21;19;17;15ε =  and  

int 101300;112000;126000;145500akep Pa=  
 

Fig. 9 graphically presents the results for the transmitted force 
through the connecting rod, the maximal value of which is limited. 

Fig. 10 shows graphically the results for the tangential force of 
interaction between the connecting rod and the knee, acting along 
the tangent to the plane of the knee. By increasing the intake 
pressure and reducing the minε , a higher minimal and maximal 
values of the tangential force are obtained, respectively at the end of 
the compression and during the combustion, due to larger relative 
movement of the external piston. 
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Fig. 10. Tangential force to the plane of the knee at min 21;19;17;15ε =  and  

int 101300;112000;126000;145500akep Pa=  
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Fig. 11. Normal force to the plane of the knee at min 21;19;17;15ε =  and  

int 101300;112000;126000;145500akep Pa=  
 

Fig. 11 presents graphically the results of the normal force of 
interaction between the connecting rod and the knee, acting along 
the normal in the plane of the knee. By changing the intake pressure 
and the minimal compression ratio, a limited maximal value of the 
normal force is obtained. 

 
3. Summary 
 
With thus created computer simulation model of the operating 

cycle of ICE with VCR, established in the MATLAB with 
Simulink, numerical experiments were carried out and the following 
results were achieved: 
1) The influence of change of ε at constant intake pressure, equal to 
atmospheric, was researched, both on the processes of operating 
cycle of ICE with VCR, and on the load of its mechanism units. 
2) The intervals of change of ε, were determined, for four selected 
values of the intake pressure, in order to achieve limited values of 
the maximal cycle pressure. 
3) With the determined intervals of change of ε for four selected 
values of the intake pressure, the results for the gas and dynamic 
load of the crankshaft units were obtained and analyzed.  

4) A limit was reached of the maximal value of the gas pressure 
force with increasing the intake pressure and expanding the interval 
of change of ε.  

The results from the numerical experiments, conducted with 
the computer simulation model of the operating cycle of ICE with 
VCR, confirmed one of the applications of variable compression 
ratio technology in combination with intake pressure in order to 
limit the load on the power mechanism units of ICE.   
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