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Abstract 

 

From its inception, the internal combustion engine has evolved in small and 

sometimes great leaps, driven by constructive, technological and exploitation 

implementations that have allowed it to meet consumer expectations as well as 

environmental and fuel consumption regulations. Spark ignited engines have lower 

performance under low loads compared to Diesel engines, the biggest difference 

between them being the compression ratio, limited in the first ones by the risk of 

the detonation occurrence. The introduction of mechatronics developments in spark 

ignited engines have contributed to their performance improvement through the  
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controlled variation of ignition and valve events (timing and lift), controlled 

variation of intake manifold length and volume, exhaust gas recirculation, and 

variable supercharging systems, among other technological strategies. Of all the 

constructive alternatives, the biggest impact on engine performance lies in 

compression ratio, and the control of its variation becomes one of the main research 

goals for engine manufacturers. In this paper, some of the constructive efforts, 

reported in literature, to obtain mechanisms and systems for the control of 

compression ratio of internal combustion engines are overviewed, with the main 

goal of presenting the methodology for the optimized synthesis of a multi-link 

variable compression ratio mechanism, designed to be assembled in a commercial 

single cylinder stationary Diesel engine as a fundamental equipment of an octane 

rating test bench for different fuel blends tested. The synthesis technique presented 

in the paper develops the range of motion for the six links Stephenson mechanism, 

applies a method of synthesizing the output slider trajectory, and analyzes the 

mechanism performance in terms of slider stroke variation range. It is shown that 

compression ratios resulted from slider variations can be kept between 10 and 17,5, 

a range sufficient to study commercial engine fuels, a utilitarian goal pursued. 

 

Keywords: Slider-crank mechanism, kinematic structure, graph theory, multilink 

mechanism, genetic algorithm, variable compression ratio. 

 

 

1 Introduction 
 

From its invention, the internal combustion engine (ICE) has been fundamental for 

the development of human life. In the search to increase its efficiency and improve 

the level of environmentally harmful emissions, its manufacture and initial 

conceptualization is improved through the implementation of new materials and 

systems enabling variation of the compression ratio (CR), among a good number of 

constructive and technological alternatives. 

Variable compression ratio (VCR) enables improvements in reciprocating engine 

performance and fuel economy. To that end, different configurations can be 

envisaged, including sliding piston head and cylinder, combustion chamber volume 

variation using supplemental pistons and valves, variation of piston deck height, 

modification of connecting rod geometry, distance variation between the gudgeon 

pin and the piston head, displacement of the crankpin, and connecting rod axis 

displacement, among others [26]. Related to the variation of compression ratio, a 

lot of research and experimental work has been published in modern literature. No 

attempting to present here an exhaustive literature review, comments of some of 

those relevant are given in the following. 

In 1929, it was built the first Waukesha Cooperative Fuel Research (CFR) engine, 

conceived with the purpose of experimental testing of fuels involving spark-

ignition, piston engines. The CFR engine enables scientists and engineers to 

ascertain engine performance as it relates to fuel, including heat content, detonation 

characteristics, and the fuel octane number [28]. In their work, Moteki et al. [14]  
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studied piston-crankshaft mechanisms with multiple links, suitable to be 

implemented in an automotive engine frame, with the possibility of modifying the 

piston position at top dead center (TDC), making it possible the continuous 

compression ratio changes of the engine. Daimler-Benz designed a two-piece 

variable length piston using a hydraulic system that fills a chamber that changes the 

length of the upper part of the piston, thus decreasing combustion chamber volume 

and varying the CR [26]. J E Brevick [1] patented a design for a variable length 

piston consisting on two parts, a lower part that slides in the sleeve connected to the 

crankshaft through the connecting rod and an upper part mounted and linked to the 

lower part that also slides in the cylinder. Yan [29] modified the piston so that it 

makes four strokes per cycle, while the body performs one, therefore, not only the 

CR is modified but also the engine cycle. FEV Motorentechnik GmbH [7] 

developed a system that exploits the crank train forces to adjust the connecting rod 

length.  The moment acting on the eccentric   piston   pin, resulting from 

superimposed gas and inertia forces, is utilized to change the connecting rod length 

and accordingly the compression ratio. To change the compression ratio, Gomecsys 

VCR [8] changed the phase of an eccentric ring interposed between the big end 

bearing of the connecting rod and the crankpin. A gearwheel around the crankpin 

holds the eccentric ring. By some other gearwheels the phase of the eccentric ring, 

relative to the crankpin, is controlled, and so the compression ratio. In the patent 

analyzed by Roberts [24], the crankshaft pin is housed in an eccentric compartment 

that can rotate by means of an actuator that varies the position of the crankshaft. 

In the Envera engine [6] the compression ratio can change from 9:1 to 18:1 by 

pivoting 30 degrees an eccentric carrier in which the crankshaft main bearings are 

mounted. A control shaft, rotated by a hydraulic actuator or an electric motor, and 

connecting links are used to pivot the eccentric carrier. The MCE-5 [16] engine 

provides a CR variation that ranges from 6:1 to 15:1 by combination of an eccentric 

axis and a ternary link that displace the connecting rod position through an electric 

servomotor. Mayflower [24] modifies the CR by giving the connecting rod 

trajectory an elliptical path around the crankshaft axis. This is accomplished by 

controlling the positioning and anchorage of a pivot in different planes inside the 

engine structure. Moteki et al. [25] inserted a ternary link between the crankshaft 

and the connecting rod, that is coupled to an eccentric actuator, to alter the piston 

stroke length, the CR variance achieved was from 8:1 to 14,3:1. Ford [5] used a 

secondary piston to modify the volume of the main combustion chamber in order 

to vary the compression ratio. The Alvar engine [19] uses a conventional engine 

block with a modified cylinder head that contains small extra cylinders with pistons, 

connecting rods and a secondary crankshaft. The shift of this secondary shaft is 

used to variate the compression ratio. Saab [9] developed a concept that allows 

making the compression ratio variable by means of tilting the “monohead” (an 

integrating compound of the cylinder head and the cylinder liners). The monohead 

can be tilted relative to the crankcase through a pivot shaft. The compression ration 

varies between 8:1 and 14:1. 

Hoeltgebaum et al. [10] classified VCR mechanisms into seven groups and 

highlighted the number of patents, manufacturers, schematics and structural re- 
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presentation. For every group of mechanism several links are identified such as the 

fixed link (engine block), the connecting rod, the crankshaft, the piston and the 

auxiliary link that is actuated in order to attain the variable compression ratio. The 

aforementioned works and designs make up just a sample of the lots of patents that 

have been filed on the subject of variable compression ratio mechanisms and 

systems.  

The VCR system sought in the study here presented must conform the geometry 

and space of the piston, crankshaft, main bearings, engine block, (cylinder liner and 

crankshaft axis locations), crank case, cylinder head, and valve train of a Petter PJ1 

Diesel Engine [20] to be modified for studying the combustion phenomena and 

irregularities of different fuel types under different compression ratios, load and 

speed combinations.  Considering the actual constrains, out of the diversity of VCR 

mechanisms and systems overviewed above, the variant type that best approach the 

particularities of the construction and assembly of the selected engine is a multiple-

link mechanism based control system. By placing a multi-link mechanism between 

the connecting rod and the crank of a basic slider-crank mechanism, a conventional 

engine transforms into a VCR engine. 

It is the aim of this paper to present the dimensional synthesis of a complete crank-

slider mechanism required to obtain a variable compression ratio engine with 

advantageous displacement behavior of the piston. To this end, an optimization 

procedure based on genetic algorithms (GAs) is used. In literature, genetic 

algorithms (GAs) have proved to be able to achieve optimization solutions for 

planar mechanisms. The basis for the applications of genetic algorithms on linkage 

mechanisms is introduced in Holland [11], [12]. Cabrera et al. [3] applied GAs to 

the synthesis of an articulated quadrilateral mechanism. Quintero et al. [21] 

extended the scope of the method to the synthesis of a six-bar mechanism, Chen 

and Chou [4] applied genetic algorithms to the optimization of a six-bar mechanism 

required for a metal molding industry, taking consideration of workspace and 

collision avoidance restrictions. Merchan et al. [17] applied an optimization process 

for the synthesis of a polycentric knee prosthesis based on Watt’s six-bar linkage 

planar mechanism. Zhang and Nelson [30] implemented a multi-objective 

kinematical optimization process in the design of a serial spherical mechanism 

using genetic algorithms. Cabrera et al. [2] presented a comparative study for the 

synthesis of four and six bar mechanisms utilizing different strategies by means of 

an improved algorithm based on the one presented in [3]. 

The synthesis of the VCR mechanism is performed by applying a multi-objective 

optimization process based on genetic algorithms to a selected topology of a 

multilink type piston-crank mechanism. The objective function of the optimization 

process considers the change in the CR according to the change in the angle of a 

control shaft, limit piston maximum speed, limit connecting rod inclination angle 

for the expansion stroke and to reduce jerk. 

The paper is organized as follows: after the given above introduction, the 

methodology followed to define the kinematic structure of the modifiable variable 

stroke slider-crank mechanism is explained first, as well as the geometric algorithm 

procedure used optimize the structural design. Assur’s group classification and the  
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Hrones and Nelson coupler curves [13] are used in the preliminary synthesis of the 

sought mechanism. Next, the structural and kinematic results obtained are presented 

and particular attention is given to the behavior of displacement, speed and 

acceleration of the piston. The paper is closed with final conclusions. 

 

 

2 Design of the variable compression ratio mechanism 
 

In this section some considerations relative to the piston law movement important 

for the combustion process and ICE output performance are presented. It is exposed 

the procedure followed to define the kinematic structure of the VCR slider-crank 

mechanism and realize the preliminary synthesis of the multilink control 

mechanism, required to find the optimal dimensioned mechanism geometry that 

satisfies the VCR condition: piston motion profile, piston velocity, acceleration, 

and jerk, crank angle range of the expansion stroke, combustion chamber volume, 

displacement, and compression ratio. 

 

2.1 General considerations 

 

The pistons in a typical reciprocating internal combustion engine undergo a motion 

close to simple harmonic, with all strokes identical in length and duration, impairing 

important possibilities to optimally control the combustion process under all load-

speed conditions. Constructive designs have been made along the history of internal 

combustion engine that enable: i) the piston stroke to be not uniform and variable, 

ii) the expansion stroke to be larger than the intake one, and iii) the relative duration 

of each stroke to be variable, among other desired characteristics. 

In a non-uniform stroke engine, the piston trajectory is adapted to each process of 

the four-stroke cycle (admission, compression, combustion, expansion and 

exhaust), while in a variable stroke engine the positions of bottom and top dead 

centers change according to the required power. A mechanism, which configuration 

can be changed during its operation, is known as variable topology and 

reconfigurable mechanism [15]. On the other hand, when a compression stroke is 

shorter compared to the expansion one is achieved, an extended expansion cycle is 

obtained, useful to implement Miller or Atkinson cycles. 

Approaching the design of multilink mechanisms, Hoeltgebaum et al. [10] indicated 

some structural characteristics for each link like: the engine block must be the 

biggest link in order to prevent high accelerations and simplify balance; the 

connecting rod and piston should be binary links to minimize forces over the 

cylinder and reduce costs due to simpler manufacturing processes; the piston should 

be in a kinematic pair with the engine block to prevent excessive vibration, noise 

and friction; the reconfiguring link should be connected to the engine block so as 

to avoid a floating link to control the compression ratio; the crankshaft should be 

connected to the engine block to avoid inducing vibrations to the drivetrain. 

Studying six-links-one-degree-of-freedom chains, Tsai [27] also suggested useful 

structural characteristics for obtaining a VCR mechanism. Among them stand out:  
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1. Planar linkage mechanism, 2. Only one degree of freedom since the change in 

stroke length is accomplished by adjusting the position of a fixed support, 3. Only 

revolution and prismatic joints, 4. Only one prismatic joint and it should be in a 

cinematic pair with the case (engine block), 5. The case is a ternary link. 

 

 

2.2 Selection of the kinematic diagram for the multilink slider-crank 

mechanism 

 

The structural design for the compound multilink VCR mechanism takes in 

consideration: the graph theory (with which kinematic chains and mechanisms can 

be represented by a graph for analyzing the possible mechanisms that can be derived 

from a kinematic chain); the methods to achieve VCR; and the reconfigurability of 

mechanisms to seek a solution based on genetic algorithms. With the solely basic 

four-bar slider-crank mechanism variable compression ratio and reconfigurability 

characteristics are not achievable, so that in order to not increase the number of 

moving links beyond necessary, the six-bar group of mechanisms is considered. 

In Figure 1 there are shown the kinematic structure and the conventional graph of 

six link mechanisms applicable to VCR. In these, by assigning the engine block (in 

a kinematic pair with the piston) one of the ternary links, four non isomorphic 

kinematic structures are obtained, out of which two correspond to Watt linkages 

(figure 2) and two to Stephenson linkages (figure 3). 

 

 

 
                       (a)  Kinematic structure        (b) Conventional graph 

 

Figure 1. Planar six-link one degree of freedom linkage. 
 

 

For uniformity purposes in the study, the links are numbered as follows: 1- engine 

fixed link (engine block), 2- crank or crankshaft, 4- link with the moving joint in 

kinematic pair with the block or control link, 5- connecting rod, 6- piston. Number 

3 is reserved for the link in charge of closing the different chains and is called 

auxiliary link. 
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    (a) Control link join to fixed link                                   (b) Piston joins to fixed link 

Figure 2. Watt linkages and their respective non-isomorphic kinematic structures.  

 

 
  (a) Connecting rod join to piston                   (b) Auxiliary link join to control link 

Figure 3. Stephenson linkages and their respective non-isomorphic kinematic 

structures.  

 

In the above kinematic structures two ternary links are observed one of which is the 

fixed link and the other is changing positions in the linkage chain, for the Watt type 

it is the control link and piston respectively, while for the Stephenson type in the 

first case it is the connecting rod and in the second is the auxiliary link. The final 

choice of the structure for the multilink mechanism to be further synthesized is 

realized from the kinematic analysis itself. 

Watt linkages were discarded because, in the first configuration the control link is 

a ternary link and therefore its mass would be comparatively big; in the second 

configuration, by changing the position of the control link’s support no changes in 

the piston stroke are evidenced. With regards to the Stephenson linkages, in the first 

configuration the connecting rod is a ternary link and this would increase mass and 

therefore its inertia (it is convenient the links with the bigger mass to be in a 

kinematic pair with the fixed link, as long as they don’t perform control functions);  
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the second configuration, Figure 3,b), easily conforms to the geometries of 

conventional engines without major modifications, and accordingly is the structure 

configuration selected to continue with the synthesis process. 

 

2.3 Structural design 

 

Once the kinematic scheme of the multi-link mechanism has been defined, that is, 

knowing the number of links and the number and type of kinematic pairs, the design 

is initiated based on the Assur’s group classification [18], [22], [23]. Since the 

structural design and kinematics study of mechanisms are irrespective of the 

selected driving power link, the crankshaft and piston are chosen as the driving 

(input) and the driven (output) links, respectively. As a result, both the base PJ1 and 

the multi-link resulting mechanisms have the same input crankshaft, corresponding 

to the link 2, which has kinematic rotational pair A (figure 4) with the frame, 

forming a mechanism of Class I. The multilink mechanism is obtained by adding 

to the structure of the base PJ1 engine, an RRR type class-II Assur’s group formed 

by the links 3 and 4, and the revolute joints B, C, and D. In order that the driven 

link (piston) could perform a harmonic movement, the trajectory described by the 

new kinematic revolute pair F must be elliptical. Table 1 shows the comparison 

between the mechanism structures of base PJ1 engine and the multilink one under 

design, with their corresponding Assur’s group conformation. Attention is drawn 

to the trajectory followed by the kinematic revolute pair F of the RRP type class-II 

Assur’s group, limited by the available space and features of the base engine block 

in which the multilink mechanism under design will be installed. 

After chosen the kinematic structure of the compound slider-crank mechanism from 

the conceptualization stage, the dimensions and space trajectories of the control 

multilink mechanism are framed by the constructive dimensions of the Petter PJ1 

Diesel Engine to which the mechanism will be adapted. Figure 4 outlines the 

compound VCR mechanism relative to the geometry of the engine. The technical 

data of the engine are given in the Table 1. 

The kinematic structure of the compound VCR engine is made of six links, out of 

which the fixed link (engine block) and the auxiliary link are ternary, the rest are 

binary. The engine block forms revolution kinematic pairs with the crankshaft and 

the control link, and a prismatic pair with the piston. The auxiliary link forms 

revolution kinematic pairs with the crankshaft, the control link and the connecting 

rod. The mechanism reconfigurability is realized by displacing the kinematic pair 

between the control link and the frame. 

The Hrones and Nelson Atlas of coupler curves [13] is used in a systematized 

procedure to find the starting design (preliminary synthesis of the multilink control 

mechanism) of the control mechanism that allow the piston to perform a harmonic 

movement with a corresponding ellipse trajectory for the kinematic pair F (Figure 

4). The obtained in the procedure solutions give information of the ranges in which 

the variables or lengths that form the four-bar mechanism, made of links 1, 2, 3 and 

4 (see figure 4,5), should be. The lengths of the links must conform to the following 

conditions: 
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𝐿𝐴𝐷 <  𝐿𝐵𝐶 + 𝐿𝐶𝐷  −  𝐿𝐴𝐵; 𝐿𝐴𝐷 > |𝐿𝐵𝐶 − 𝐿𝐶𝐷| + 𝐿𝐴𝐵; 𝐿𝐵𝐶 ,  𝐿𝐶𝐷,  𝐿𝐴𝐷  >  𝐿𝐴𝐵. In figure 4, 

𝐿𝐵𝐶 𝐴𝐵⁄  can take the value of 4, but not higher. 

 

Table 1. Kinematic schemes and classification of mechanisms PJ1 and Multi link 

Assur’s group conformation Kinematic scheme 

PJ1 Multilink 

 
Figure 4. Kinematic scheme of the 

multilink mechanism framed by the 

original dimensions of the PJ1 

Diesel Engine 

𝐼2
𝑅  +  𝐼𝐼5,6

𝑅𝑅𝑃 𝐼2
𝑅 + 𝐼𝐼3,4

𝑅𝑅𝑅  +  𝐼𝐼5,6
𝑅𝑅𝑃 

Technical data of the base Petter PJ1 engine 

 

Nominal displacement, cm3 830,33 

Piston diameter, mm 96,84 

Nominal piston stroke length, mm 113,2  

Compression ratio 17,5:1 

Cooling system air-cooled 

Use  Stationary 

Power at 1200 min-1, kW 4,77 

 

 

 
a) Schematic diagram            b) Solution space according to Hrones and Nelson [13] 

Figure 5. a) Crank-rocker mechanism. 

 

The crank or link LAB is selected as the basis for the mechanism sizing and it is set 

to unity, and all the other lengths are a multiple of this value. Considering the set of 

solutions indicated on figure 5, the coupler (which in our case is LBC) can reach 

values from 2LBC/AB to 4LBC/AB  (LBC/AB = BC/AB represents the length of the 

coupling normalized to crank length AB), the rocker or LCD varies from 3LCD/AB, 

while the distance between the crank support and the rocker support can fluctuate 

between LAD/AB and 5LAD/AB. Additional restriction to those limits is imposed by 

the block of the PJ1 engine. 
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For the desired mechanism it is required that, at high compression ratios, the angle 

between the connecting rod and the vertical axis be diminished in order to take the 

most advantage of the force component along the connecting rod and to reduce the 

friction attributable to piston-side thrust. Additionally, it is necessary the coupler 

curve to be soft (elliptical) to avoid sudden changes in velocities and accelerations. 

After processing the solution space for the crank-rocker mechanism, using the 

Hrones and Nelson Atlas of coupler curves [13], the dimensions of the preliminary 

design of the multilink control mechanism has an initial design of 1x2x2,5x3 (LAB, 

LBC⁄AB, LCD⁄AB, LAD⁄AB), as is presented in figure 6. 

 

 

 

 

 

 

a) Preliminary design using 

Hrones and Nelson Atlas 

b) Trajectory swept, velocity and acceleration 

of the slider of the variable crank-slider 

mechanism links 

Figure 6. Compound representation of the VCR-PJ1 mechanism. 

The obtained preliminary design (Figure 6, a) is the input to an optimization process 

that uses a genetic algorithm (GAs) to explore and optimize the mechanism 

dimensions, observing structural, kinematic and dynamic parameters. The behavior 

of the slider displacement, speed and acceleration of the preliminary design of the 

control mechanism is portrayed in the figure 6,b. 

Dimensions and relationships between the links of the compound control-slider- 
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crank mechanism are presented in the figure 7. 
 

                             

Figure 7. Geometrical relationships for the genetic synthesis of the VCR 

mechanism 

 

Initial parameters for the GAs solution are the lengths of the variation control link 

or control shaft, 𝐿DE = 50 mm, and the crankshaft radius, 𝐿𝐴𝐵 = 56,6 mm. 

Position of support D is fixed while the rest of the mechanism move. The kinematic 

equations to define the positions of the links in the mechanism are: 
 

𝐷𝑥 − 𝐿𝐴𝐵 ∙ cos 𝜑2 − 𝐿𝐵𝐶 ∙ cos 𝜑𝐵𝐶 − 𝐿𝐶𝐷 ∙ cos 𝜑4 − 𝐿𝐷𝐸 ∙ cos 𝜑DE = 0 

             𝐷𝑦 − 𝐿𝐴𝐵 ∙ sin 𝜑2 − 𝐿𝐵𝐶 ∙ sin 𝜑𝐵𝐶 − 𝐿𝐶𝐷 ∙ sin 𝜑4 − 𝐿𝐷𝐸 ∙ sin 𝜑DE = 0                       

𝐿𝐴𝐵 ∙ cos 𝜑2 + 𝐿𝐵𝐹 ∙ cos(𝜑𝐵𝐶 + 𝛽) − 𝐿𝐹𝐺 ∙ cos 𝜑5 = 0 

𝐿𝐴𝐵 ∙ sin 𝜑2 +𝐿𝐵𝐹 ∙ sin(𝜑𝐵𝐶 + 𝛽) +𝐿𝐹𝐺 ∙ sin 𝜑5 − 𝑦G = 0 

(1) 

 

From them, the geometric coordinates obtained as described by the expressions: 

 

𝜃DB = tan−1 (
𝑦𝐵 − 𝑦𝐷

𝑥𝐵 − 𝑥𝐷
) 

𝐿DB = √(𝑦𝐵 − 𝑦𝐷)2+(𝑥𝐵−𝑥𝐷)2 

                                                      𝜃𝐷 = cos−1 (
𝐿𝐷𝐵

2 +𝐿𝐶𝐷
2 −𝐿𝐵𝐶

2

2𝐿𝐶𝐷𝐿DB
)                                                 

𝜑4 = 𝜃DB+𝜃D;  𝜑𝐵𝐶 = tan−1 (
𝑦B−𝑦C

𝑥B−𝑥C
) ; 𝛽 = cos−1 (

𝐿𝐶𝐹
2 −𝐿𝐵𝐶

2 −𝐿𝐵𝐹
2

2 ∙ 𝐿𝐵𝐶 ∙ 𝐿𝐵𝐹
) 

𝜑5 = cos−1 (
−𝐿𝐴𝐵 ∙ cos 𝜑2 −𝐿𝐵𝐹 ∙ cos(𝜑𝐵𝐶 + 𝛽)

𝐿𝐹𝐺
) 

 

(2) 

The initial position of the piston is obtained as: 
 

𝑦G = 𝐿𝐴𝐵 ∙ sin 𝜑2 + 𝐿𝐵𝐹 ∙ sin(𝜑𝐵𝐶 + 𝛽) + 𝐿𝐹𝐺 ∙ sin 𝜑5 

Link Name Associated lengths 

1 Block, fixed link  

2 Crank or crankshaft LAB 

3 Auxiliary link LBC, LBF, LCF 

4 Control link LCD 

5 Connecting rod LFG 

6 Piston  

7 Control shaft  LDE 



5138                                                                            Edison Henao Castañeda et al. 
 

 

The analysis of velocities performed for the same kinematic chains, considering 

that support D is fixed when the other links in the mechanism are moving, and that 

the piston doesn’t have angular velocity, yields the expressions: 
 

𝐿𝐴𝐵 ∙ sin 𝜑2 ∙ 𝜔2+𝐿𝐵𝐶 ∙ sin 𝜑𝐵𝐶 ∙ 𝜔3+𝐿𝐶𝐷 ∙ sin 𝜑4 ∙ 𝜔4 = 0 

                      −𝐿𝐴𝐵 ∙ cos 𝜑2 ∙ 𝜔2−𝐿𝐵𝐶 ∙ cos 𝜑𝐵𝐶 ∙ 𝜔3−𝐿𝐶𝐷 ∙ cos 𝜑4 ∙ 𝜔4 = 0                               

−𝐿𝐴𝐵 ∙ sin 𝜑2 ∙ 𝜔2−𝐿𝐵𝐹 ∙ sin(𝜑𝐵𝐶 + 𝛽) ∙ 𝜔3+𝐿𝐹𝐺 ∙ sin 𝜑5 ∙ 𝜔5 = 0 

𝐿𝐴𝐵 ∙ cos 𝜑2 ∙ 𝜔2+𝐿𝐵𝐹 ∙ cos(𝜑𝐵𝐶 + 𝛽)∙ 𝜔3+𝐿𝐹𝐺 ∙ cos 𝜑5 ∙ 𝜔5 − 𝑣G = 0 

(3) 

 

2.4 Genetic algorithm implementation 

Genetic algorithms are search procedures based on the mechanisms of natural 

selection and the characteristic processes of natural genetics. These combine the 

survival of the strongest individual gene among the string structures with a 

structured exchange of still random information to create a search algorithm. In the 

optimization process, an objective function is created that is used to evaluate each 

individual (chromosome). Each individual (chromosome) is made up of a set of 

design variables (genes). The objective function depends on the design variables 

(genes). For each design variable (gene) a range of values that the gene can take 

during the optimization process is defined. In this work a population of 60 

individuals is used. 
 

Objetive function definition 

 

The objective function for given variable, ranges, and under established 

maximization and minimization criteria is defined based on the following kinematic 

and structural criteria: 

 

a. Variables ranges 

 Given the engine piston diameter (96,84 mm), and taking the range for the 

stroke to diameter ratio, 𝑆 𝐷⁄ , in the range 𝑆 𝐷⁄ = 1 ÷ 2 (typical range for 

combustion engines), the stroke length range is obtained as 96,84 mm <  𝑆 <
 193,68 mm. The value 𝑓𝑐 =  0 will be taken if the stroke length is inside the 

range or 𝑓c =  100 if the stroke length is out of range. 

 Having the crank radius (𝐿𝐴𝐵) and the maximum height the piston can reach 

(𝑦𝐺) to have the highest compression ratio, the range for the connecting rod is 

calculated as 𝐿5 =  𝑦𝐺 − 𝐿𝐴𝐵𝑦
− 𝐿𝐵𝐹; with 𝐿𝐵𝐹 being the length of the link 

joining the connecting rod with the crank. 

 Other ranges (given the geometrical restrictions imposed by the available space 

of the PJ1 engine crankcase) are 57 mm <  𝐷𝑥 <  280 mm, −120 mm <
 𝐷𝑦 <  0 mm, 𝐿𝐵𝐹  >  60 mm, the ranges for the rest of the variables are 

assigned arbitrarily. 

b. Minimization criteria 

 Piston speed, corresponding to the angular position of the crank at 2 = 90º and               

2 = 270º, designated 𝑣𝐺,𝑚𝑎𝑥 and 𝑣𝐺,𝑚𝑖𝑛, respectively. 
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 Angle between the connecting rod and the vertical 𝐺,max  for maximum 

compression ratio values, to be such that 𝑓G  =  0 if the mentioned angle is 

lower than 30°, and 𝑓G  =  100 if it is higher than 30°. 

 Jerk, 𝑆G,max to avoid impacts. 

c. Maximization criteria 

 To achieve large changes in the compression ratio for small angular movements 

of the control shaft, 𝑟𝑐(
𝐷𝐸

 =  90°)  −  𝑟𝑐(
𝐷𝐸

 = 20°). 

d. Conditions to satisfy 

 To conform the Grashof’s law, according to which 𝐿𝐴𝐵 + 𝐿𝐴𝐷 ≤ 𝐿𝐵𝐶 + 𝐿𝐶𝐷, 

having  𝑓 =  0, if the mechanism satisfies the Grashof’s law, and 𝑓 = 100 if it 

doesn’t.  

 

According to the aforementioned conditions, by multiplying or dividing the 

involved variables by a weight function, to make them have values of the same 

order, the optimization function can be expressed as: 

 

𝑣𝑎𝑙 =  
𝑣𝐺,𝑚á𝑥

2 + 𝑣𝐺,𝑚í𝑛
2

500
+  𝑓𝑐 + 𝑓 +

𝑆𝐺,𝑚á𝑥

20𝐿𝐴𝐵

+  
𝑣𝐺,𝑚á𝑥

4𝐿𝐴𝐵

−  
𝑎𝑏𝑠(𝑟𝑐2 − 𝑟𝑐1)

6𝑆0

+  
𝑎𝑏𝑠(𝜃𝐺)

1,5
+ 𝑓𝜃𝐺

 

Here S0 is the stroke length for the initial dead space. 

 

 

Initial population 

The initial population is the set of design variables with randomly generated values 

inside the search space. Each individual (chromosome) in the population is a 

possible solution to the problem and consists of parameters (genes) that establish 

the design variables of the problem. 

The gene 𝑥𝑖 in each chromosome is given as: 𝑥𝑖 = min (𝑥𝑖) + 𝑐(max(𝑥𝑖) −
min (𝑥𝑖)), where min (𝑥𝑖) and max(𝑥𝑖) are the limit values for 𝑥𝑖, and c is a random 

number in the range [0, 1]. Genes are expressed in a vector that represents a 

chromosome: 

[Dx, Dy, L2, L3, L4, L5, L6] 

 

The range for each variable is given by the array: 

[
  57 −120 113   57 60 100 130
280          0 230 170 80 200 200

] 

 

In which the first row represents the lower limit and the second row the upper limit. 

 

This initial population should evolve into populations where the individuals are a 

better solution, a task that can be accomplished by natural selection, reproduction, 

mutation or other genetic operators. 
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Selection 

The quality of the chromosome is estimated by examining the value of the one best 

evaluated. The twenty chromosomes with the worst evaluation are eliminated for 

the next population. These chromosomes are replaced by twenty new individuals 

randomly created in a similar way as the initial chromosomes were generated. 
 

Reproduction 

The three best evaluated individuals are used to cross-breed them with the rest of 

the individuals. During this process, the genes of the remaining ninety-seven 

individuals are switched for the genes of the three best evaluated individuals in a 

random process. In this work 40% of the genes are modified. The crossing operation 

for each gene is given as: 
 

𝑥𝑗,𝑘,𝑛𝑒𝑤 = 𝑖𝑓(𝑟𝑎𝑛𝑑𝑜𝑚 < 0,4, 𝑥𝑗,3,𝑛𝑒𝑤)  

                                              𝑖𝑓(𝑟𝑎𝑛𝑑𝑜𝑚 < 0,3, 𝑥𝑗,2,𝑛𝑒𝑤)  

                                              𝑖𝑓(𝑟𝑎𝑛𝑑𝑜𝑚 < 0,2, 𝑥𝑗,1,𝑛𝑒𝑤) 

𝑖𝑓(𝑟𝑎𝑛𝑑𝑜𝑚 > 0,4, 𝑥𝑗,3,𝑜𝑙𝑑) 

 

Where 𝑥𝑗,𝑘,𝑛𝑒𝑤 is the 𝑗 gene of the 𝑘 individual in the next generation. 

 

Mutation 

When a gene mutates, the operator randomly selects a value within a range of real 

values, that are added or subtracted from the initial genes. The individual with the 

highest value is kept without mutation. In this work, 40% of the genes are randomly 

mutated. 

The optimization process continues until completing the scheduled number of 

cycles and the following solution is obtained: 

 

Table 1. Solution found using Genetic Algorithm. 

 

 

3 Analysis and discussion of results 
 

In this section the structural and kinematic results reached with the application of 

the genetic algorithms technic for the VCR mechanism adapted to a PJ1 diesel 

engine is presented. The calculation of the 𝐿𝐵𝐶 𝐴𝐵⁄ , 𝐿𝐶𝐷 𝐴𝐵⁄  and 𝐿𝐴𝐷 𝐴𝐵⁄  relationships 

are done in order to compare this solution with the sets of solutions derived from 

the Hrones and Nelson coupler-curve atlas [13]. The solutions from the atlas and 

the one from the algorithm are close, with a deviation resulted from the level of 

refinement attained with the genetic algorithm to satisfy the required structural and 

kinematic conditions and constrains, see table 2. 

Figure 8 shows the strokes for extreme positions of the control shaft. There must be 

highlighted several aspects: one of them is related to the variation of the top dead  

𝐷𝑥 𝐷𝑦 𝐿𝐴𝐵 𝐿𝐵𝐶 𝐿𝐶𝐷 𝐿𝐵𝐹 𝐿𝐶𝐹 𝐿𝐹𝐺  

200 -80 56,6 138 140 60 164 172 
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center leading to an increase in combustion chamber volume, and consequently the 

change in the compression ratio; another one is that the angle between the 

connecting rod and the piston axis, after the combustion, is drastically reduced in 

favor of the force component, therefore increasing torque output. This very 

circumstance reduces the thrust force component along with the friction losses 

between the piston rings and cylinder liner. 
 

Table 2. Solution for the VCR mechanism.  

Hrones and 

Nelson Atlas 
Genetic algorithm Comparison 

𝐿𝐵𝐶 𝐴𝐵⁄ = 2 

 

𝐿𝐵𝐶 𝐴𝐵⁄ =  
𝑙𝐵𝐶

𝑙𝐴𝐵

=  
138

56,6
= 2,44 

 

 

𝐿𝐶𝐷 𝐴𝐵⁄ = 2,5 

 

𝐿𝐶𝐷 𝐴𝐵⁄ =  
𝑙𝐶𝐷

𝑙𝐴𝐵

=  
140

56,6
= 2,47 

 

𝐿𝐴𝐷 𝐴𝐵⁄ = 3 
𝐿𝐴𝐷 𝐴𝐵⁄ =  

√(𝐷𝑥)2 + (𝐷𝑦)
2

𝑙𝐴𝐵

=  3,8 

 

 

   

(a)                                                                            (b) 

Figure 8. (a) strokes corresponding to maximum and minimum VCR. (b) Initial and final 

position of the control shaft. 

Figure 9 shows the correspondence between the stroke length and the compression 

ratio, which change inversely: for high compression ratios shorter stroke lengths 

are obtained, for low compression ratios the stroke lengths increase, enabling the 

engine to operate at higher angular speeds while working with spark ignited fuels 

to keep the torque constant. Another particularity of this type of solution is that 

admission and expansion strokes are considerably longer than the compression and 

exhaust ones contributing, with the proper management of the admission and 

exhaust valves retarded timing, to improve the cycle efficiency. 
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Figure 9. Stroke length and compression ratio vs Control shaft angle. 
 

 

The stroke length presents variations between 139 mm and 156 mm whereas the 

compression ratio varies between 8,6 and 17,5. With these stroke lengths, average 

piston speed with 𝑛 = 2000 min−1 reaches values from close to 15,5 m s⁄ . 

Although stroke lengths may seem high initially, this for laboratory use mechanism 

design aims, first, to improve thermodynamic efficiency while reducing fuel 

consumption. 

 

In the graphics of figure 10, displacement, speed, acceleration and jerk are shown. 

These kinematic characteristics are like the ones presented by a slider-crank 

mechanism with a basic kinematic chain. The jerk figure doesn’t show sudden 

changes or discontinuities and serves as an important design parameter by showing 

that mechanical impacts are not present with the new mechanism. 

 

 

 

    
(a) Displacement to VCR mechanism and PJ1  (b) Speed to VCR mechanism and 

PJ1 
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(c) Acceleration to VCR mechanism and PJ1  (d) Yerk to VCR mechanism 

 

Figure 10. Kinematic analysis of the mechanism. 

 

4 Conclusions 

 
This paper presented an approach to obtain the design solution for the kinematic 

diagram of a variable topology and reconfigurable mechanism, needed to convert a 

commercial Peter PJ1 Diesel engine to a variable compression ratio engine. In the 

course of the work, there were reviewed the methods to change the compression 

ratio in engines, the graph theory, and also the genetic algorithms technic. The 

coupler curves found in Hrones and Nelson’s Atlas, were used for the definition of 

variables ranges of mechanism link dimensions. 

By means of genetic algorithms technic, with a proper set of design rules, an 

optimization process has been implemented to maximize the mechanism's 

performances, according to both dimensional and kinematic fitness-criteria. 

Kinematic characteristics like according to compression ratio variable stroke 

lengths, longer times for the admission and expansion strokes, smaller angle 

between the vertical axis and the connecting rod make the obtained mechanism a 

good solution for a laboratory engine, since it increases efficiency while 

maintaining kinematic conditions like engines with basic slider-crank mechanisms. 

Further developments of this research will concern the dynamic characteristics 

while evaluating the mechanism's performances. 
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