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Abstract. Digital learning technologies, virtual laboratories, training 

models and applications are all essential directions for development of 

engineering education. This paper discusses the theoretical basis and 

applications of the Russia-developed MARS automated simulation 

environment in teaching as a component of digital educational products – 

electronic study guides, virtual and real-virtual laboratories, training 

illustration modules. Key sections of component model library in MARS 

are represented. The examples of training illustration modules are 

discussed. Applying of MARS in learning ensures efficiency of the 

educational process, as it makes it possible to better organize self-study 

activities, boosts knowledge acquisition, and makes theoretical study more 

instructive and accessible. 

1 Introduction 

Interactive educational technologies and digital learning technologies, remote and virtual 

laboratories, training models and applications are all essential directions for development of 

engineering education [1–4]. Some of the key trends in development of education in global 

teaching practices include the increased focus on practice and practical content in courses in 

natural and engineering sciences, as well as the shift of emphasis in teaching towards 

intellectual development of students and acquisition of competencies associated with 

practical activities. Modern psychological and pedagogical ideas about the efficient 

learning process postulate that this process should be organized to primarily rely on 

independent and active study of the learning content. 

Any development efforts in the above directions make it necessary to employ specific 

methods and tools of simulation. The most effective simulation methodology is the object-

oriented methodology. When developing simulation tools, it makes it possible to achieve a 

higher unification of development and reusability of any modules. In the course of learning, 

this approach helps develop the skills of object-oriented thinking, which means the ability 

to identify of elementary objects involved in a process or a task, detail inter-object 

relations, and describe ways of object manipulations and inter-object interaction. 
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The most popular simulation software for electrical and electronics engineer are 

Matlab/Simulink [5–7] and MultiSim [8–11]. Original software is also being developed 

[12–14]. Among the Russian modeling systems the most famous are MVTU [15], 

SiminTech [16, 17], PA10 [18]. The software for education applications, based on 

component circuit method [19] and simulation system MARS [20], is discussed in this 

article. 

2 Component circuit method and MARS simulation environment 

The component circuit method is designed to support simulation of various objects, 

including those having a heterogeneous physical nature. The method is based on a 

formalized representation of the object's structure as a component circuit, which is 

composed of elementary structural entities – components. The component circuit method is 

focused on time domain and frequency simulation of devices with lumped parameters. 

Component circuit C is a set of objects (see Fig. 1, a): 

  , , ,C  K B N  

where K – a set of components of a circuit; B – a set of connections (or branches) 

between all components from K; N – a set of nodes of a circuit, i.e. common points of 

connections. 

Set of components in general includes three components types: sources, converters and 

measurers for measurements of energy or signals. Component Ki may have any quantity m 

of links Sj, j=l,... m (see Fig. 1, b). Each of Sj in common case has a pair of topological 

coordinates: Nj., Bj – the numbers of a node and a branch; and a pair of variables (Vn , Vb 

), where Vn – potential, but Vb – stream variables. The topological law of equality of 

potential variables of links, guiding to one and the same node is executed for potential 

variable. And the low of equality a zero of stream variables of links, guiding to one and the 

same node is fulfilled for the stream ones. So, for instance, potential variables are: a 

velocity in the mechanics, voltage in electrotechnics; stream variables are: force, moment 

of a force and current. In accordance with the relationships variables they named scalar 

(one variable Vn  is present) and elementary (both Vn , Vb are present). A set of any 

quantity of links of any types is considered as a vector link. Using vector links simplifies a 

procedure of constructing component circuit. A set of variables corresponds to a vector 

link. Component circuit may include components with different types of links. 
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Fig. 1. Component circuit (a) and component (b) 

The component circuit model consists of component models and topological laws for 

potential and stream variables. Mathematical model of the component in common case is a 
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set of linear, nonlinear and ordinary differential equations. The solution of a component 

circuit is a collection all potential and stream variables for all nodes and all branches. 

Formalism of the component circuit method allows from the one hand to realize all 

traditional research methods (structural schemes, electromechanical and etc. analogies), 

from the other hand – it allows formalized presentation without any analogies. 

The component circuit method serves as the theoretical basis for: 

– MARS simulation environment (Russian-language abbreviation of “simulation and 

automated calculation of systems”) (MARS SE); 

– Macrocalculator system for automation of mathematical calculations; 

– experimental tools, both for measurement and control, for real-virtual laboratories. 

MARS simulation environment makes it possible to implement a formalized 

representation and examine the simulated object by means of a computational experiment 

with a three-level computer model implemented at three levels (layers): object level, logic 

level, and visual level (see Fig. 2). The object level, which is the layer of the main 

component circuit in simulation of the object, (C-Layer) is used to formally represent the 

simulated object; the logical level (L-Layer) is used to define the control algorithms and 

algorithms for processing of simulated results; the visual level (V-Layer) is used to 

visualize experimental tools (both for measurement and control). 
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Fig. 2. Structure of a three-level computer model in simulation environment MARS 

For the purpose of a computational experiment, MARS SE includes: 

 a multi-layer diagram editor allowing the user to graphically design component 

circuit for the three layers; 

 a library of component models, including those of experimental tools (measuring 

instruments, control and regulation tools) and experimental data processing units; 

 computer core that makes it possible to carry out the computational experiment in 

static and dynamic modes by developing and implementing a mathematical model of the 

component circuit in the form of a linear algebraic equation system; 
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 simulation core designed to simulate algorithms, which are represented as 

component circuits as well, and based on the message passing mechanism; 

 editors of new component models – editors of graphical symbols for all layers, 

editor of mathematical models. 

The process of simulation in MARS SE consists of the following primary steps. 

1. Design of the component circuit for the object in the object layer (C-Layer) and its 

parametrization.  

2. Selection of measurable values and setup of measurement tool components in the 

object layer. Measurement tools set up in the object layer are automatically displayed in the 

logical layer (L-Layer), which makes it possible to create a component circuit for 

processing of experimental data. 

3. Selection of variable parameters (attributes) of components. This is done using 

attribute components set up in the logical layer of the model.  

4. Setup of the method for variable parameter variation. Variation is achieved either 

directly using control components in the visual layer (V-Layer), or by means of additional 

calculations described using algorithms and formulas in the logical layer. 

5. Selection of the method for processing of computational experiment results. If 

necessary, the processing algorithm component circuit is designed in the logical layer (L-

Layer). 

6. Selection of the method for visualization of computational experiment results. 

Visualization tools are set up in the logical layer and are automatically displayed in the 

visual layer (V-Layer). 

7. Editing of the experimental tool panel (adjustment of component parameters, 

visualization of results of the computational experiment) in the visual layer (V-Layer). At 

this stage, the geometric model of the visual layer is edited – dimensions of measurement 

tool panels are set and they are placed in the layer window. 

8. Selection of the simulation method and parameters. 

9. Debugging of the model, including adjustment of the simulation method and 

parameters. 

The main stages of simulation in MARS SE are detailed below. 

3 MARS SE-based virtual laboratories 

Given the universality of the component circuit method, for many years MARS simulation 

environment has been developing in parallel with research aimed at simulation of objects of 

various kinds of physical nature. In this regard, a fairly wide range of component models 

has been implemented and component model libraries have been created for electrical 

engineering, mechanical engineering, electrical diagram elements, hydraulics, etc. (see 

Fig. 3). 

Interpretation of the statechart diagram into component circuit formalized representation 

was also realized. Thus simulation of both continuous, discrete and hybrid systems is 

possible. 

That makes it possible to use such models to create virtual training laboratories for a 

variety of disciplines. In the context of distance learning technologies, such virtual 

laboratories can become the primary tool in performance of laboratory tasks, and in the 

context of full-time learning they can be used as a supplementary tool for independent 

learning that will help students prepare to work with real equipment in specialized 

university laboratories. Today, virtual training laboratories are used in courses in electrical 

and electronics engineering, automatic control theory and virtual measurement practice. 
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Fig. 3. Key sections of component model library in SE MARS 

4 Training illustration modules 

The purpose of building illustrative modules (TIM) is to illustrate the laws, principles and 

methods that make up the scope of the discipline. As such, TIM can become an integral part 

of interactive study guides and manuals.  

From the standpoint of simulation and computational experiments, training illustration 

modules are in fact multi-level models in MARS SE that have been designed and debugged 

by the instructor or instructional designer. The student's goal primarily is to vary parameters 

of the model and analyze the results. Design of a TIM follows the same stages as the 

process of simulation in MARS SE. Once designed and debugged, the TIM is integrated in 

the interactive study guide (manual) and functions as its element. 

Let us consider the stages of building a three-level model in MARS SE using design of 

a TIM as an example. 

4.1 Example 1. TIM for illustration of Ohm's law and conductor resistance 
value 

Let it be required to illustrate Ohm's law, the dependence of resistance value in a conductor 

on its geometric and physical parameters, and calculation of power. Training content will 

be demonstrated using the example of simulation of an electric circuit that consists of a DC 
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voltage source and two resistors (see Fig. 4). The process of TIM design consists of the 

following steps. 

 

Fig. 4. Object layer of the Ohm's Law TIM 

1. A model of the electric circuit is created in the object layer of the circuit editor. 

A component circuit is created in the object layer of MARS SE, which includes the DC 

voltage source E1 and two resistors. Since it is required to demonstrate the dependence of 

current and voltage on resistance, the voltmeter V1 and the ammeter I_Vb1 are included in 

the component circuit to perform measurements. They simultaneously transfer the 

simulation results from the object layer to the logical layer in the editor for further 

processing (calculation of power) and then to the visual layer for visualization. 

2. Parametrization of object-level components and selection of variable parameters. 

In this example, R1 resistor resistance is the variable parameter. It will be automatically 

calculated using the geometric and physical parameters of the conductor specified by the 

student. The type of the variable parameter is set by the attribute component 1 (see Fig. 5), 

which is located only in the logical layer in the circuit editor. 
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Fig. 5. Logical and visual layers of the Ohm's Law TIM in MARS SE 

Resistance variation will be achieved by changing the parameters of the resistor, and 

resistance value will be calculated automatically. Regulators 6, 7, 8 are used to set the 

specific resistance Ro, length L and cross-section area S. These regulators are set up in the 

logical level and automatically displayed in the visual layer. Graphical symbols 
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representing the same components in the logical and visual layers in Fig. 4 will be indicated 

by the same numbers. 

3. Creation of the component circuit for calculation of power and resistance. 

Mathematical panels 4 и 5 are used to define the formulas for calculation of power and 

resistance. The voltmeter and ammeter that were earlier set up in the object layer are now 

automatically displayed in the logical layer as data sources 2 and 3 which are connected to 

the input of the mathematical panel 4.  

4. Multimeters 9 – 11 are used to visualize voltage, current and power. 

5. Defining the method of setting and adjusting the parameters of the conductor. 

Parameters will be regulated using regulator components 6–8. They are set up in the logical 

level and automatically displayed in the visual layer.  

Once the resistance is calculated by component 5 using the attribute component 1, the 

resistance value is transferred to the object level.  

6. Editing the experimental tool panel. Graphical symbols representing experimental 

tools are placed in the visual layer, their size is adjusted, and as a result the control and 

measurement tool panel appears as shown in Figure 4.  

After the method and parameters of simulation are selected, the model is calculated. 

Results of calculations are displayed in the visual layer, and parameters are controlled using 

the regulator components in the visual layer. It should be noted, that the developer of the 

TIM manages all three layers. The logical layer of a functioning TIM cannot be visualized. 

4.2 Example 2. TIM for study of the laws of mechanics 

One of the simplest dynamic systems, and one of the first ones that students learn, is the 

physical pendulum. The purpose of the TIM is to demonstrate the effect of the initial 

displacement, length of the thread, and body mass on the amplitude of oscillations of the 

pendulum, its velocity, kinetic and potential energy. 

A TIM designed for the study of a physical pendulum is shown in Fig. 6 and Fig. 7. The 

input data (initial displacement angle, length of thread, body mass) is entered and the output 

data (current linear velocity, kinetic and potential energy) is displayed in the visual layer 

(see Fig. 6), where the results can also be visualized as graphs. The object layer (C-Layer) 

is where the mathematical model of the pendulum itself is located (see Fig. 7). In this case, 

it is represented by a block diagram. The logical layer (L-Layer) is used to calculate the 

values of the linear velocity and energy of the pendulum. Same as in the previous example, 

the mathematical model in this TIM is set up using the mathematical panel. 

 

Fig. 6. Visual layer of the Physical Pendulum TIM 

Students can vary output parameters of the model and observe changes in the oscillation 

amplitude of the pendulum, its velocity, kinetic and potential energy. Depending on the 

competencies desired as the outcome of the course, complexity of the task can be adjusted. 
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For example, students can be required to register additional physical effects, which results 

in modification of the model in the object layer. 

 

 

Fig. 7. Object and logical layers of the Physical Pendulum TIM 

5 Conclusion 

MARS simulation environment is used in a variety of academic activities: lectures, 

practical and laboratory classes, and in independent study. Today, it serves as the basis for 

virtual laboratories for electrical and electronics engineering, automatic control theory, 

electrical machinery, system simulation; an interactive tutorial and lecture presentations 

with training illustration modules on system simulation. Simulation in MARS SE is utilized 

in project-based group learning, in scientific research and in development of graduate 

qualification theses. Feedback from students and instructors evidences that the use of 

MARS SE in learning ensures high efficiency of the process, as it makes it possible to 

better organize self-study activities, boosts knowledge acquisition in students, and makes 

theoretical study more instructive and accessible. 
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