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Topic 1.1. Linear circuits of direct current

Lecture 1. Introductory lesson 
The application of electrical energy in human life was invented and introduced in production and life in the initial stages. With the invention of generators and alternating current motors, transformers all power systems were changed into alternate current and the sphere of the direct current application became significantly narrower.
However, in certain areas, such as electrogalvanic, electronics, automation systems, the application of direct current is still actively used, so you need to know the basic regularities of electromagnetic processes and the principle of constant current devices.

Furthermore, the principles and methods of processes and devices of direct current are the basis for the development and usege in other areas.

From the methodological point of view, the direct current is the simplest item to study, so the next chapters will use the basic concepts of electrical circuits which will be submitted to the example of direct current.

1.1. Brief profile
1.1.1. The concept of the electric circuit and its elements

Electrical energy is widely used in all areas of human activity. For use of electricity in the practice of human it was invented, developed and manufactured a large number of technical devices. Technical devices for use of electricity are called electrical devices.

Electrical devices are used, usually not in isolation, but in connection with other electrical devices. Electric circuit is the set of interconnected electrical devices and is intended for the production, distribution, distance transmission and energy consumption. Electrical devices which are the part of the circuit are its elements.

Depending on the operation mode the circuits are divided into the following: electric circuits of direct current, which flow constant currents, currents that are not changed either in value or in the direction and circuits alterating current, the circuits, currents of which are changed in value and/or direction over time. In turn, the circuits are divided into alternating current circuits of periodical, particular, are sinusoidal and nonalteating current.

Circuit symbols. Electrical devices and their component parts and elements are represented using conventional graphics, which are regulated by state standards. If each element of the circuit, id est, every electrical device must be introduced in conditional graphic image is called basic current diagram. Except the electric diagram it is widely used the functional electrical diagram, where the principles of the electrical device and electric block diagram are reflected, where with the help of graphics of the electrical structure device and the principle of action are passed.
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Electrical devices are divided into several types.

1. The generators are devices designed to produce electrical energy, convert mechanical, thermal, chemical and other types of energy into electricity. Depending on which energy is converted into electricity, there are different types of electric generators:

· special electric machinery, including three-phase synchronous generator, where the electrical mechanical energy is changed into rotational motion. It should be noted that three-phase synchronous generators in the current development are primarily used for the production of electricity at power stations, large industrial enterprises that produce electricity. Conditional graphical representation of three-phase synchronous generator is given as an example in Fig. 1.1, and;

· galvanic elements, energy storage devices, and the batteries of these elements, where electrical energy is converted into chemical energy. Such devices are called chemical sources of electricity. Conditional graphical representation of chemical energy is given as an example in Fig. 1.1 b;

· photodiodes, or as they are called solar cells, where light energy is converted into electricity. These elements are connected to the battery, the main sources of energy, including spacecraft. Conditional graphical representation of photodiode is given as an example in Fig. 1.1 c;

· thermocouple, where heat is converted into electricity. Thermocouples can be connected to the battery. Conditional graphical representation of the thermocouple is shown as an example in Fig. 1.1 g. Recently, due to the depletion of organic energy deposits (oil, natural gas) devices directly convert heat and light energy into electrical energy are paid much attention to. Such devices as well as devices for converting wind energy (wind power plants), the energy of sea and ocean afflux and flux and reflux are often called renewable energy.
2. Power consumer:

· three-phase synchronous motors that consume electricity and convert it into mechanical energy of rotational motion (Fig. 1.2, a);

· direct current motors, which also convert electrical energy into mechanical (Fig. 1.2, b);

· heating electrical devices that convert electrical energy into heat and are widely used in production and in everyday life (Fig. 1.2, a);
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lighting device where electrical energy is converted into light, including light bulbs (Fig. 1.2 g) and LED (Fig. 1.2 e).

3. Electric power converters. In modern power systems providing electricity to thousands of customers with different characteristics, requires multistage system for converting electricity is required to meet various requirements. One of the most common electric converters are Transformer. Conditional graphical image representation of transformer for electric concept is shown in Fig. 1.3.

It should be noted that the transformers are used not only power supply, but also in various electrical and electronic devices.
4. Devices for distribution and control electricity. To support the operation of power supply systems and provide various modes of electrical devices it is require necessary to have appropriate tools. These include various kinds of circuit breakers, switches, buttons, etc. (Fig. 1.4, b).
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5. Measuring instruments. Measuring devices are used for suppling information about the status of electrical devices and mode of operation. Among the most common are: ammeters are devices, used to measure current, voltmeters are devices for measuring voltage, wattmeters are devices, used to measure power (Fig. 1.5). It should be noted that recently thanks to the success of integrated technologies digital instruments designed to measure the whole range of physical quantities have been widely used. They  are multimeters (Eng. Multi – a lot).
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1.1.2. Parameters and characteristics of the circuit and its elements

Electrical devices like circuit elements are determined by the parameters and characteristics. The parameters of electrical devices are the physical quantities in the field of electromagnetism.
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Electric charge. Electrical properties of matter occur due to the presence of electric charge. Electric charge Q is physical quantity that reflects a fundamental property of matter. The unit of electric charge measurement in SI system is adopted coulomb (C). Electrical properties of matter appear at a deep structural level in the level of elementary parts of matter. It is established that the elementary particle electron has a negative electric charge e = - 1,6 10-19 C, and elementary particle proton has an electric charge of the same value, but with positive polarity. The electron charge and the proton are the smallest units, basic charge that exists in nature.

The atoms of matter, composed of protons and electrons in the normal state are is electrically neutral, they have the same number of positive and negative elementary charges. If the balance of positive and negative elementary electric charges in atoms of matter is broken, that id est the atom loses one or more electrons, or, conversely, captures one or more electrons, the electrical neutrality of the atom is lost and it turns into ion. The process of atoms’ electrical neutrality losing is called ionization. Electrons and ions are called charge carriers. The presence of the charge carriers that can move free under the influence of an electric field, determines such matter’s characteristics as electrical conductivity. The electric conductivity  is a physical quantity that characterizes the electrical conductivity of the material and is defined as the number of free charge carriers per unit of volume n
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Due to electric conductivity, that’s why id est the value of matter conductivity of the matter are divided into the following:

conductors (=106...108 S m);

semiconductors (=10-8...105  S/m);

dielectrics (=10-8...10-13 S/m).

Electric field intensity. The electric field at each point is characterized by the electric field intensity E and the potential V. The electric field intensity is determined by the force F, with which the electric force at this point acts on a single charge
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Electric field potential. Potential energy WE of electric field at a given point per a unit charge is called electric field potential (electric potential) at this point: 
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Electric voltage (potential difference). Between two points there is the electric field potential difference
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The potential difference between two points of the electric field is also called electric voltage.

Electric voltage is the direction in which circuit diagram indicated by the arrow, id est electrical voltage is the algebraic value and can be both greater than zero (may have positive values) or less than zero (may be negative).

Electric voltage is measured by devices, the most common is voltmeter is. The voltmeters are designed for measuring direct current voltage, line voltage indication is given by the voltmeter poles: the pole marked "+" or "U", the pole marked "-" or "COM" (common).

Electromotive force (EMF). The electrical output voltage between the poles of a source of electricity is called electromotive force E. The unit of measurement of electrical capacity, voltage and electromotive force in the SI system is adopted as volts (V).

The electric current. If the electric field has the conductor, the electric field carriers under the influence of the electric charges will move, and this process is called electric current. The same name of physical quantity that describes this process, is defined as the rate of change of charge, that
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The unit of electric current in the SI system is the ampere (A).

As current carries move in a certain direction, the electric current value in addition, also has its direction. The direction which moves positively charged from the point of higher potential to the point with less potential currents in electric concept is set in a positive direction arrows in conventional current. The presence of electric current directly determines the fact that the electrical current is algebraic value, that may be greater or equal to zero, and may be less than zero. During the settlement conditional positive current direction are is the arrow on the electric concept which are is set arbitrarily. It should be noted that the current value obtained from the calculation is greater than zero, that is "+" or less than zero, that is "-" is associated with the selected direction of the current. Some textbooks recommended in the case of calculating the current value is less than zero change pre-selected current trend to reverse. The authors believe that this recommendation is not always feasible, so that ignores the property of electric current as alhebreic value. Furthermore, multiple change of the given current direction confuses students and leads to errors.

In practice, the electrical current is measured by the meters - ammeters. Ampermeters are designed to measure direct current conditional of positive direction through the ampermeter which is set from one of the poles ammeter with "+", and another is "-". Up-to-date digital ampermeter instead of "+" takes the sign "A" (instead of "+") and terminal or slot probe is made in red color, but instead of the sign "-" use the sign COM (Eng. Common - general, common) is used and terminal or slot probe is black one. Conditional positive direction of current through the ammeter is set on the pole with a "+" to the pole with the sign "-".

The electrical conductivity. The body's ability to conduct an electric current is characterized by its conductivity G. Body’s conductivity is determined by electrical conductivity of the body’s construction material and its geometrical dimensions. 

Electrical resistance. The quantity inverse of conductivity is called electrical resistance: 
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The unit of conductivity in the SI system is the Simens (S) and resistance is Om (Om).

All values are considered by physical parameters of electrical devices and electrical circuit as a whole.

Current-voltage characteristics. For the processes analysis in electrical circuits are used not only individual parameters are used, but the relationship between these parameters. One of the most common characteristics of electrical devices, reflecting its properties, is the current-voltage characteristics. Current-voltage characteristics of electrical device is called the relationship between the current and voltage across the device on it where I = f (U). In analytical form, as a formula, the current-voltage characteristics, like any relationship can be represented as graphs and tables. In practice, the current-voltage characteristics is obtained by experimental researchers.
1.2. Ideal circuit elements. Equivalent circuit
To study the objects of the material world idealization is used by every branch of science uses idealization. The aim of idealization is to make complex real object easier, that is not captured for secondary properties of this branch, and all the analysis focuses on the basic properties of the object. The secondary properties are those that have little impact on the analyzed processes, but dramatically complicate the analysis process.
Table 1.1

	Ideal elements

	Name of the element
	Conditional pictogram
	Basic equation
	Relationship between
 current and voltage

	Resistive
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	Capacitive
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	Inductive
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This simplified object does not match the real object of nature, that is abstraction and called perfect. Examples of such objects are ideal material point, pendulum, quite solid in mechanics, ideal gas in molecular physics, a black body in thermodynamics and so on. The ideal, abstract elements of the circuit for the study of complex electromagnetic processes in these circles are used in electrical engineering. Consider some of them.

Ideal resistive element. One of the most common ideal objects that are used as ideal elements is a resistive element. Resistive element as an ideal object which is characterized by only one parameter: resistance (R), or reciprocal - conductivity (G). It is believed that the resistive element of all electrical energy is converted to heat. Conditional graphical representation of ideal resistive element is shown in Fig. 1.5. The relationship between current and voltage resistive element is defined by Ohm's law: 
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and shown in Figure 1.5, b.

Electricity consumed by resistive element is determined by Joule-Lenz: 
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Resistive element relation (1.7) between current and voltage is linear, it is called a linear resistive element.

If the relationship between the current and voltage element to nonlinear element (Fig. 1.6, d) 
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then this element is called nonlinear resistive element (varistor). Conditional pictogram of nonlinear resistive element is shown in Fig. 1.6.

Counterparts of ideal resistive element, such real elements as discrete and integrated resistors, resistors, potentiometers, heating elements of household and industrial devices are filament in light bulbs and more. Unlike resistive ideal element the additional to the actual elements of resistance are also characterized by parameters such as inductance and capacitance, that is the real resistive elements in addition to basic conversion of electrical energy into heat energy storage is also performed in the electric and magnetic fields. It is neglated during the idealization of such processes because of their minor role and their influence on basic negligible processes. In addition, the real elements have mostly nonlinear dependability in the relationship between current and voltage. It is neglected by nonlinearity real elements in many cases, moving to a model of ideal linear resistive element.

Ideal capacitive element. Another ideal object, which is widely used for the analysis of processes in electrical devices are is ideal capacitive element in which electric charge is accumulated under the voltage and an electric field is created, so a capacitive element currents conversion of electrical energy into the electric field. Ideal capacitive element has one parameter - capacity (C), which describes the ability of the element to accumulate electric charge. Electric charge Q, which accumulates on the electrodes of the capacitive element attached directly proportional to the voltage
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The capacitive element is dependent on its accumulated between electrodes and applied voltage charge - linear (Fig. 1.7, b) is called a perfect linear capacitive element. Conditional pictogram of the element is shown in Fig. 1.7.

Electrical energy is stored in the electric field capacitive element is determined by the formula
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Element, whose dependence between accumulated charge and applied voltage - non-linear (Fig. 1.7, d) is called perfect nonlinear capacitive element (ferroelectric capacitor). Conditional pictogram of nonlinear capacitive element is shown in Fig. 1.7.

The relationship between voltage and current of an ideal linear capacitive element is given by
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Counterparts of ideal capacitive elements are capacitors of different types, designs and denominations, which are widely used both in electricity and in the [image: image299.wmf]devices of electronic equipment. Unlike ideal capacitive elements in capacitors, in addition to the accumulation of electric charge occurring phenomena such as the current flow through the condenser due to imperfections in the dielectrics, dielectric loss of energy due to the variable polarization, magnetic energy storage, especially at high frequencthats and so on.

Ideal inductive element. Perfect inductive element is the element in which an electric current creates a magnetic field and thus electrical energy is converted into magnetic field energy. Inductive element is characterized by only one parameter - inductance L, which describes the ability of item to store energy in a magnetic field. Conditional graphical representation of inductive element to the schematic diagram according to state standards is shown in Fig. 1.8. The intensity of the magnetic field is created by the current in the inductive element and with an inductance L, is characterized by interlinkage Ψ. Dependence of flux Ψ inductive element of current is defined by formula
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and is shown in Fig. 1.8 b.

Magnetic energy is stored in the magnetic field element which is defined by the formula
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Inductive element, the relationship between interlinkage of current through the element is linear (Fig. 1.8, b) and is called an inductive linear element.

Inductive element, the relationship between current and interlinkage which is non-linear (Fig. 1.8, d) is called an inductive non-linear element. Conditional pictogram of non-linear inductive element is shown in Fig. 1.8.

The relationship between voltage and current of ideal linear inductive element is given by
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Counterparts of ideal inductive elements are inductors, solenoids, chokes, coils of electromagnets and windings of electrical machines. In such real electrical devices, as opposed to perfect inductive elements, in addition to storing energy in magnetic field converts electric energy into heat, as conductors, which wound coil, have resisted. It is also evident, especially at high periodicity, the capacity between coils.

Ideal resistive, capacitive and inductive elements belong to the passive elements. In passive elements ideal for the analysis of processes in electric circuits are widely used as ideal active elements, that are ideal source of electricity.

The ideal voltage source. The ideal voltage source is the perfect item that describes the conversion of electric energy to other forms of energy: mechanical, thermal, light, etc. The ideal voltage source has only one option: electromotive force E, its value does not depend on the resistance of the consumer, which is attached to this source. The internal resistance of this element is zero. Conditional pictogram of an ideal voltage source is shown in Fig. 1.9, and the dependence of the output voltage of the current source is shown in Fig. 1.9 b.
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Current-voltage characteristics of ideal voltage source is described by the following equation: 
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The ideal voltage source is widely used for adequate reflection of electromagnetic processes in the electrical devices, particularly semiconductor elements, diodes, transistors and so on.

An ideal current source. The ideal element describes the conversion of electricity and other energy has only one parameter: the current which is independent of the resistance included in the output of the ideal source. The ideal current source is infinitely large internal resistance. Conditional graphical representation of the ideal current source, according to state standards, are is shown in Fig. 1.10, and the dependence of the output current source voltage is shown in Fig. 1.10, b.

Current-voltage characteristics of the ideal current source is as follows: 
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Counterparts of ideal power sources are current sources, based on semiconductor elements. Particularly widespread power source is created with the help of integrated semiconductor technologies. These power sources are a part of many analog and digital circuits and are largely determined by their quality characteristics.

Controlled ideal source. A further generalization of the ideal voltage and current sources are controlled by ideal source, the output value of which depends on the input value. Depending on the steering signal and the output value is driven by ideal sources are divided into the following types:

· voltage controlled voltage source (Fig. 1.11, a) in which the output electromotive force source varies depending on the applied input voltage. The proportionality between K output electromotive force source E and the applied input voltage U is a dimensionless quantity and is treated as a gain voltage;

· source voltage controlled current (Fig. 1.11, b) in which an electromotive force source is directly proportional to the input current. R proportionality factor between the output electromotive force source E and the input current and has the dimension of resistance and is treated as a transfer resistance;

· a voltage controlled current source, where output current source is directly proportional to the input voltage. G proportionality factor between the output current source J and the applied input voltage U has dimension conductivity and is treated as a transfer conductance (Fig. 1.11 in);

· current controlled source, in which the value of the output current source varies in direct proportion to the value of the input current. The proportionality between K output current source J and input current is dimensionless quantity and is treated as a gain current (Fig. 1.11, d).
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Managed ideal energy source is widely used for the analysis of processes in electronics devices, including the construction of circuits bipolar and field-effect transistors.
1.2.1. The concept of equivalent circuit. The sources of electricity equivalent circuit 
In contrast to the ideal elements in real electrical devices undergoing complex multi-stage power conversion. For example, in real resistors besides the basic process of converting electrical energy into thermal processes occur as energy storage in electric and magnetic fields, that are the real elements which are characterized not only by resistance but also by some inductance and capacity. Real inductors and solenoids except inductance are characterized by parameters such as resistance conductor which wound the devices, and capacity. Actual capacity of capacitors in addition is also characterized, especially at high periodity, resistance and inductance.

To examine and explore these complex processes, they are divided into simple, rejecting the minor, secondary and leaving major and decisive. Further, each of these simple processes are represented by the element of real and electrical device as a whole represente a set of ideal elements. The more ideal elements will be submitted to real electrical device, the more accurately they reflect electromagnetic processes in it, that will increase the degree of adequacy. At the same time, the increasing number of ideal elements increases the complexity of the analysis, therefore it is needed more resources for this analysis. In practice, try to find a compromise between these conflicting requirements.

The system of ideal elements that adequately reflects the processes in real element, is called the equivalent circuit, equivalent of circuit model or a real device.

[image: image302.wmf]TV1

Consider, as an example,the models of real energy. In real sources, in addition to the basic conversion process into electrical energy mechanical, chemical, thermal and other types of energy, is also partial reverse conversion of electrical energy into heat, which relates to energy losses, resulting in the efficiency of real energy reaches 100 %. In passing, we can see that an energy source is a source of energy efficiency which is equal to 100%.

Energy losses are taken into account by this parameter, the sources of energy as the internal resistance (r), or the inverse value of it is internal conductance (g). The real energy direct current has two equivalent circuits: sequential (Fig. 1.12, a) and parallel (Fig. 1.12, b).

Sequential equivalent circuit is appropriate to apply in the event that consumer resistance RL, which is powered by this energy, is much higher of internal resistance ri sources RL >> ri, and parallel - if the consumer GL conductivity is much greater internal energy conductivity GL >> gi.

Properties of real energy are reflected by volt-ampere or outdoor characteristic that depends on the output voltage of the current source. Fig. 1.12 shows the given external characteristics of a real voltage source. The segment, which cuts the schedule of outdoor performance on the vertical axis, is equal to the electromotive force source E and internal resistance is proportional to the slope (
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) to the vertical axis. In graphics, the external characteristics of a real voltage source can be represented analytically by formula
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The dependence of the output current power source of real tension is shown in Fig. 1.12, g, segment that cuts off schedule on the vertical axis equals the current source J, and the internal conduction is proportional to 
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1.2.2. Sources modes of electricity
Depending on the purpose real energy sources can work in the following modes: nominal agreed, consumer mode, idling, short circuit.

Nominal mode of energy is called a mode which is constructed, designed and manufactured by this source of energy id est the mode that ensures efficiency of energy over its life.

Mode, in which the source is transferred to the consumer maximum power, is called an agreed regime of the electrical energy source. It can be shown as the condition of the source in a consistent mode which is equality of consumer resistance and the internal resistance of the source.

Working in consumer mode, the source does not give, but consumes electricity, such as battery charging, direct current generator, operating mode of the engine, and so on. The power source of electricity in consumer mode is negative.

If the source of electricity the consumer is not connected to and source current is zero, this mode is called idle.

The source of electrical energy, which is connected to the consumer with an infinitely small resistance, operates in short circuit. From the short-circuit current source is limited by the internal resistance of the source and can reach unacceptably high values.
Lecture 2. Calculation of simple branched circuits under the law of Ohm and equivalent resistance
1.2.3. The basic topological concept of circuits
[image: image303.wmf] 

The properties of electrical circuits depends not only on the characteristics and parameters of the elements included in their composition, but the method of combining the elements together. Consider the basic concepts that characterize the connection of elements together.

Node circuit is called the place where there are more than two connecting elements of the circuit. For example, in the wiring diagram circles which are in Fig. 1.13, units are numbered. If two nodes are connected to a conductor and have the same potential, they can be considered as one node, that the connection of elements R4, R5, R7, J1, J2 which are in Fig. 2.8 form one unit, is numbered 0. It should be noted that the place of the only two elements of the circle is not a hub.

Branch circuit is called serial connection, which is located between two nodes. Inside the branch it can be host. For example, the electrical circuit is shown in Fig. 1.13, branches are consistent connection of elements E1 and R3, E2 and R2. In addition, the branch can contain only one element. For example, the branches are elements R1, R4, R5, J1, J2.

The contour of the circuit is called a closed connection of elements. For example, circuit elements form compounds R1, R3, E1, R5, R4, and elements R2, E2, R6, E1, R3. The contour may consist of two elements, for example, J2, R7 or J1, R4.

System of independent circuits is called a set of circuits in which each circuit contains at least one item that is not included into another circuit. For example, in a circle, presented in Figure 1.13, the system of independent circuits constitutes such contours: (R1, R3, E1, R5, R4), (R2, E2, R6, E1, R3), (R5, R6, R7), ( R7, J2), (R4, J1).
1.2.4. Simple element of circuits connection 
At present the electric systems containing a large number of electrical devices are used, that circuits with many elements interconnected in many ways. Consider a simple connection of circuits elements.
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Serial connection of the circuit elements. If the elements are connected to the end of the previous element attached only to the beginning of the next element, that elements are connected to each other, such connection of elements are consistent. Nodes in serial connection can be placed only on the edges of this compound. Straight electric circuit, the circle that has only one path, there are also serial connection elements. Serial connection elements are also branch circuit.

Serial connection element has the following properties:

· current in all elements of the serial connection is the same, like, 
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· the voltage on the serial connection of voltage is the sum of the elements of this compound
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· power serial connection capacity is the sum of the elements of this connection: 
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Parallel connection of the circuit elements. If the elements are connected in the way that all elements are connected in one node, and all ends - to another node, such connection of circuit elements are is called parallel. In other words, in the parallel connection all elements are located between the same two shared circuit nodes.

Parallel connection of elements has the following properties:

· voltage on all elements of the parallel connection is the same, that is, 
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· current parallel connection is the sum of current in connection of elements
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· [image: image305.png]


power parallel connection capacity is the sum of the items of connection
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[image: image306.wmf]Mixed connection of the circuit elements. If the electrical circuit is made up of plots on which elements are connected or sequentially or parallel, it is called a mixed connection.

The connection of the circuit elements in the form of triangle. If the three components of the circuit are connected by three resistive elements as shown in Fig. 1.17 and, these elements have triangle connection.

The connection of the circuit elements in the form of the star. If the four components of the circuit are connected by three resistive elements as shown in Fig. 1.17, b, these elements have the star connection.
1.3 Basic laws of circuits
[image: image307.wmf]The first law of Kirchhoff. Based on the law of charge conservation it can be shown that every node of the circuit is just a statement, the algebraic sum of currents branches that converging at that node, is zero, that, 
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This statement was called the first law of Kirchhoff and named after the German scientist Kirchhoff who discovered this law.

The current enters the equation (1.26) with a "+" if this current is directed to the node, and with the sign "-" if it is directed from the node.

If the currents are included in the equation (1.26) with the sign "-" move to the right node of the equation
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Thus, the first Kirchhoff's law can be formulated somewhat differently: for any node of the circuit the sum of currents within the node is equal to the sum of currents that move from the node.

Example 1.1. Write the equation of the first law of Kirchhoff, node circuit is shown in Chart 1.18.

Solution

According to the current trends in the branches, we write the equations for the first Kirchhoff's law for a given node circuit:
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If equation (1.27) transfers terms with the sign "-" we get the first Kirchhoff's law in a different way: 
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The second law of Kirchhoff. For any circuit the algebraic sum of electromotive force energy is the algebraic sum of voltages on energy consumers
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The fact that the pressure on consumer energy is expressed in current consumer and its resistance Um = ImRm, equation (1.29) can be written as
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The signs in front of equation terms (1.29) (1.30) are recorded depending on the chosen direction bypass circuit: for or against the rotation of clockwise direction.  
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Fig. 1.20

he sign "+" in front of the electromotive forces is in the left part of equations (1.29) (1.30) put in case if the direction of the electromotive force coincides with the chosen direction of bypass circuit, and the sign "-" is in the opposite direction.

Similarly, the sign "+" is before the voltages on the right side of equations (1.29), (1.30) is selected when the current direction in this customer matches the chosen circuit direction, and the sign "-" is in the opposite direction.

Example 1.2. Write the equation of the second Kirchhoff’s law to the contour of the circuit, shown in Fig. 1.19.

Choose the path of direction traversing in the direction of rotation clockwise. To write the equation directly by the second Kirchhoff’s law, we give the signs to the plugin: 
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Ohm's Law. The chosen in advance current in any direction branch circuit, switched between nodes a and b, depending on the voltage Uab on the branch and the parameters of branches and is given by
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Voltage Uab is included in the formula (1.31) with the sign "+" if the direction of healing-selected voltage and current direction in the same branch, and with the sign "-" if is in the opposite direction. Electromotive force in the numerator of the right side (1.31) is with the sign "+" if the direction of the electromotive force coincides with the selected direction of current in the branch, and with the sign "-" if is in the opposite direction.
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Example 1.3. Determine the current in a given branch circuit (Fig. 1.20) and calculate its value if potential node 1 is +5.0 V, the potential of the node 2 is -3.0 V, and the parameters of the circle have the following meanings:

Е1=4.5 VЕ2=9.0 V

J1=8.1 mA  
R1=1.3 k R2=1.8 kR3=1.6 kR4=2.7 k

R5=2.4 kR6=3.9 kR7=3.3 kR8=2.2 k.

Solution

Choose the direction of the current in the branch from node 1 to node 2. To record the chosen direction expression for the current in a given branch:
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Straight electric circuit (fig.1.21) consists of one circuit that can be interpreted as a branch, the beginning and end is are the same, and then a=b , a-b=0. In this case, Ohm's law is expressed by 
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In the case where a branch has only one resistive element, Ohm's law takes form
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Joule-Lenz Law. Joule-Lenz’s law sets the options which depend on electricity to the cell range.

Electricity in the element range depends on the current element voltage, the duration of the current flow in the element and is defined as follows: 
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Electrical energy is known as speed energy conversion, and the element of the circuit configuration for electrical energy has the form
	
[image: image50.wmf].

I

U

W

dt

d

P

E

×

=

=

.
	(1.35)


Different elements of the range of energy expression are different.

For resistive element the common expression of energy (1.35) takes, taking into account Ohm's, law can be written in this form: 
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The energy source voltage is determined by the formula
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Electromotive force included in the energy formula with the sign "+" if its direction coincides with the current direction. In this mode, the voltage source operates in a generator and produces electricity. If the direction of the electromotive force is opposite to the current direction, the electromotive force is included in the energy formula with the sign "-" and voltage source operates in the consumer (e.g. battery charging current mode).

Output current source is given by
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The current source included in the energy formula with the sign "+" if the current trend and direction of the source of reference voltage to consumers is connected to the energy source and the same, and the sign "-" if is in the opposite direction. Positive values of current energy sources indicate that the source is in the standby generator produces electricity, and negative is the source that operates in the consumer and consumes electricity.

The law of conservation energy in electrical circuits. The law of conservation energy is a fundamental law of nature and carried out for all physical systems, including the electrical circuits. The law of conservation energy in electrical circuits is expressed in the fact that the total capacity of all energy sources in a circle is equal to the total capacity of all its customers, that is
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Statement (1.38) is often called the energy balance. Thus, the energy balance is the law of conservation energy in electrical circuits.

Energy balance is used to verify calculations in electrical circuits.
1.4. Analysis of electrical circuits
The method of calculation of electrical circuits depends on its type.

As the number of electricity circuits sources is divided into the following:

1) The circle of one source;

2) The circle with many sources of electricity.

As the number of circuits is divided into:

1) straight, has only one path;

2) branched with more than one path.

Methods of straight calculating circles with one source

Branched circuits with one source of electricity it must be calculated by following methods:

 method of equivalent transformation;

 proportional method.

Branched circuits with multiple sources of electric energy are calculated by following methods:

 method of direct application of Kirchhoff's laws;

 method of contour currents;

 method of nodal potentials;

 blending method steps of electricity sources;

 method of equivalent generator.
1.4.1. Calculation of straight circuits with one source
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Straight circuits with one source are calculated using Ohm's law.

Example: 
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1.4.2. Equivalent circuit transformation
Equivalent transformation is called a circuit transformation, which is not converted, the currents in branches and potentials of nodes are unaffected. Application of equivalent transformation allows significantly simplify electrical circuit and thereby facilitate its calculation.

Consider a few basic equivalent circuit transformation.
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1. Serial connection elements. Serial connection of any number of resistive elements and voltage source with equivalent conversion is reduced to two elements: the equivalent resistive element with resistance Re and the equivalent voltage source with its electromotive energy.The values of these parameters are calculated by the formula
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The sign "+" in front of the electromotive energy in the right-hand side of equation (1.39) is put in if the direction of the electromotive energy coincides with the direction of the electromotive fenergy equivalent Ее and the sign "-" if is in the opposite direction.

2. Parallel connection branches. If multiple branches are switched between two nodes of the same, they can be replaced with one branch line equivalent of two elements: a voltage source of electromotive energy Ее and its resistive element with resistance Re, whose values are calculated by formulas
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Electromotive energy on the right side (1.40) with the sign "+" is in the event that the direction of the electromotive energy coincides with the direction of the electromotive energy equivalent Ee, and the sign "-" if is in the opposite direction.
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3. Equivalent circuit transformation connection of resistive elements with star connection and vice versa. The value of resistive elements R12, R23, R31, is connected in a triangle and calculated using the known values of resistances R12, R23, R31, connected by the star formules
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The inverse transformation is performed by the formula
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4. The equivalent transformation of series and parallel circuits of real energy. Serial and parallel equivalent circuit of the sources of electrical energy is equal because sources can be presented as one, and another equivalent circuit. The relationship between parameters of series and parallel circuits is: 
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5. Taking voltage source node. The voltage source is better made from the node. This is conversion equivalent, in certain cases, such as the equations for the node potentials method simplifies greatly the calculations. Taking voltage source node is illustrated in Fig. 1.27.

6. The equivalent replacement of power sources. In certain cases, equivalent of replacing some other energy sources can simplify the analysis of electrical circuits. Fig. 1.28 is an example of such equivalent replacement of energy sources.
1.4.3. The method of equivalent transformation
Calculation method of equivalent circuits means consistent change, step by step, gradual using of elementary transformation equivalent to sections of the circle, simplifying of given electric circuit to such extent that the calculation method would applied.

We expect a simplified range of known method and find current and voltage range. Knowing the value of current and voltage, back to the circuit in the previous stage of change and forward voltages and currents that have remained unknown.

Thus, step by step, using the values obtained in the calculation in the previous step calculate) current and voltage in electrical circuits in all phases of equivalent transformation. The last step forward calculate currents and voltages of given circuit. 
For example, if a given electric circuit has only one source of energy, the equivalent transformation by a variety of its sites, reduces electric circuit to a straight (flue), received single-count range using of Ohm's law. With the known value of current we calculate the voltage of the elements of one-cell circle.

Example 1.4. Identify current and calculate their value in branches of the circuit, the electrical circuit is shown in Fig. 1.29 as well. Options range of elements have the following meanings: E1=9.0 V, R1=2.2 kR2=2.4 kR3=2.7 kR4=2.0 kR5=1.8 kR6=1.6 kR7=1.5 kR8=1.3 kR9=1.2 kR10=3.0 kR11=3.3 kR12=3.6 kR13=3.9 k.
Solution

Consistently applying the equivalent number of changes, we summarize them in a given electric circuit to the one-cell (flue).

Elements of R9, R11, R12, are connected by a triangle (Fig. 1.29, a), convert them into an equivalent star:
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Serially connected elements R10, R16 and R15, R13 (Fig. 1.29, a) we replace into the equivalents R17, R18:
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Elements of R17, R18 are connected parallel, so their equivalent resistance is equal to R19 (Fig. 1.29, d)
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Serially connected elements R1- R3, R2- R4, R5- R6, R7- R8 - R14- R19 we  change into substitute equivalent (Fig. 1.29, e)
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Replace parallel connected elements R22, R23 into equivalent element (Fig. 1.29, d)
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In the result of equivalent transformations the electric range came down to the flue (Fig. 1.29, d). The current in this circle is determined by Ohm's Law:
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With the known value of current determines the voltage between nodes 1 and 0:
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Currents in branches, which are located between nodes 1 and 0, the resulting values of voltage U10 is determined by Ohm's Law:
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Determine the tension between nodes 2 and 4 and 6 and 4:
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Find the currents in the elements R17, R18:
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Finding the current value I5, I8, determine the voltage between nodes 3 and 4 and 5 and 4:
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Then the tension between nodes 2 and 3, 2 and 5, 3 and 5 have the following meanings:
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For the resulting voltage U23, U25, U35 we find the currents in the elements of R9, R11, R12:
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Thus, using the conversion equivalent, we find the currents in all the branches of given circuit.

Check the settlements, making the energy balance in the circle.

The energy source is 
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The total capacity of all consumers of electricity is equal
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So, in given electrical circuit balance of capacity is executed balance of capacity, indicating the accuracy of the calculations.
1.4.4. The method of proportion
The method of proportional quantities can be used only for linear circuits because it is based on the basic properties of linear systems: if a parameter is a linear system, such as energy electromotive increase in certain number of times, other parameters of linear systems will increase in the same number of times, such as currents in branches circle because the linear system parameters is are associated with linear dependency.

Proportional method, which is based on the properties of a linear relationship between the parameters of linear electric circuit, making such assumption: current value in the branch, away from energy sources, has a certain set value. Taking this assumption and having a current value in the branch, away from sources, they are consistently moving towards the source, gradually, step by step, identifying all the currents in branches and pressure on the elements.
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Next, determine what would have been mentioned EDS to provide current to the farthest branch, which is even adopted. Randomly given current from the source to the farthest branch circle and calculated on the basis of this assumption currents in branches and electromotive energy values are indicated by strokes for easy strokes.

Determine the proportionality factor between given value and meaning of electromotive force calculated assuming (designated stroke) that the current from the source to the farthest branch is important. 
After multiplying calculation with the assumption that current and voltage calculated on the proportionality get real values of currents in branches and stress on the elements of a given circuit.

Example 1.5. Calculate the currents in branches and stress on the elements of the circuit, a schematic diagram is shown in Fig. 1.30. The options of elements have the following meanings: E1=12.0 V, R1=3.9 k R2=3.6 k R3=3.3 k R4=2.0 k R5=1.8 k R6=1.6 k R7=1.5 k R8=1.3 k R9=1.2 k R10=3.0 k R11=2.7 k R12=2.4 k R13=2.2 k R14=8.2 k.
Solution

We assume that the current from the source to the farthest branch circle, ed ist current element R14 is  I7΄=1 mA.
According to this assumption, we determine the voltage between nodes 4 and 5,

U45΄=I7΄·R14=1·10-3·8.2·10+3=8.2 V.

With the known value voltage U45΄ determine the current element R13:

I6΄= U45΄/ R13=8.2/[2.2·10+3]=3.73 mA.

Current I5΄ for the first Kirchhoff’s law of node 4 will be
I5΄= I6΄+ I7΄=1+3.73=4.73 mA.

Determine the voltage between nodes 2 and 4 and 5 and 3:

U24΄=I5΄·R12=4.73·10-3·2.4·10+3=11.35 V;

U53΄=I5΄·R11=4.73·10-3·2.7·10+3=12.76 V.

Tension between nodes 2 and 3 for the second Kirchhoff’s law will be
U23΄= U24΄+ U45΄+ U53΄=11.35+8.2+12.77=32.31 V.

Knowing the tension between nodes 2 and 3, we find the current I4΄ by Ohm's law:

I4΄= U23΄/( R9+ R10)=8.2/[(1.2+3.0) ·10+3]=7.69 mA.

According to the first Kirchhoff's law we determine current node 2

I3΄= I4΄+ I5΄=7.69+4.73=12.42 mA.

According to Ohm's law we determine the voltage between nodes 1 and 2 and 3 and 0:

U12΄=I3΄·R7=12.42·10-3·1.5·10+3=18.63 V;

U30΄=I3΄·R8=12.42·10-3·1.3·10+3=16.17 V.

The known voltage U12΄, U23΄, U30΄ branches we determine voltage range between nodes 1 and 0:

U10΄= U12΄+ U23΄+ U30΄=10.02+32.32+8.68=67.1 V.

According to Ohm's law in the current I2΄ branch with elements R5, R6 will be
I2΄= U10΄/( R5+ R6)=67.1/[(1.8+1.6) ·10+3]=19.73 mA.

The current I1΄ we define using by the first Kirchhoff’s law for node 1:

I1΄= I2΄+ I3΄=19.73+12.42=32.15 mA.

To provide current I1΄ with a value of 32.15 mA, an electromotive energy would be equal

I1΄=(− U10΄+ Е΄)/( R1+ R2+ R3+ R4) → Е΄= I1΄·( R1+ R2+ R3+ R4) + U10΄;

Е΄=32.15 ·10−3 ·[(3.9+3.6+3.3+2.0) ·10+3]+67.1=479 V.

The proportion between the given value and meaning of electromotive energy of calculated assuming that the current I7 = 1 mA, is equal

K= Е/ Е΄=12/479=0,025.

After all calculated multiplying current and voltage by a factor of proportion

I1= I1΄· K =32.15·10−3 ·0,025=0,806 mA;

I2= I2΄· K =19.73·10−3 ·0,025=0,495 mA;

I3= I3΄· K =12.42·10−3 ·0,025=0,311 mA;

I4= I4΄· K =7.69·10−3 ·0,025=0,193 mA;

I5= I5΄· K =4.73·10−3 ·0,025=0,119 mA;

I6= I6΄· K =3.73·10−3 ·0,025=0,093 mA;

I7= I7΄· K =1·10−3 ·0,025=0,025 mA;

U10= U10΄· K =67.1·0.025=1.68 V;

U12= U12΄· K =18.63·0.025=0.47 V;

U23= U23΄· K =32.31·0.025=0.81 V;

U30= U30΄· K =16.15·0.025=0.41 V;

U24= U24΄· K =11.35·0.025=0.28 V;

U45= U45΄· K =8.2·0.025=0.21 V;

U53= U53΄· K =12.76·0.025=0.32 V,

we get the value of currents and voltages in electrical circuit on condition that the circle has an electromotive energy of a given value E1 = 12.0 V.

To verify the calculations, draw up energy balance in a given electrical circuit.

The power source voltage is

P1=E1·I1=12.0·0.806·10-3=9.67·10-3 W.

The total capacity of energy consumers is 
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 The analysis shows that the energy balance in a given electrical circuit is carried out, indicating the correct calculations.
1.4.5. The method of direct application of Kirchhoff's laws
Calculation of currents and voltages in a given electrical circuit is made in the following order.

1. There are assign conditional positive directions of currents in circle branches.

2. Make up equations of the first Kirchhoff’s law of nodes circle. Number of equations must be less than one to the number of nodes (n-1).

3. Allocate in predetermined range of linearly independent circuit. Ask directions to bypass all linearly independent circuits.

4. Make up equations for the second Kirchhoff's law for all linearly independent circuit.

5. Combine the equation compiled by the first and second Kirchhoff’s laws in a single equations system. The number of equations in this system is the number of circles branches, and also so the number of unknown currents in circle branches.

6. Solve the resulting system of equations by any known mathematics method and get currents values in circle branches. To solve equations systems it is appropriate to use computer programs, for example, MathCAD, MathLab, Mathematica, Maple, etc., which allow to avoid routine, labor-intensive calculations and focus on solving creative problems.

Example 1.6 Calculate the currents in branches circle, circuit diagram is shown in Fig. 1.31. The options of elements have the following meanings: E1=3.0 V, E2=4.5 V, E3=6.0 V, J1=12.0 mA, R1=2.2 k R2=2.7 k R3=3.3 k R4=3.6 k R5=2.4 k R6=1.8 kR7=3.3 k R8=4.3 k
Solution
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The set electric circle has four nodes which are connected with seven branches. Number the nodes with numbers from 0 to 3. Give conditional positive directions of currents in circle branches. We form the equation for the first Kirchhoff’s law for units 1 ... 5 and combine the composite equation in the system
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The set electric circuit has three linearly independent circuit. Directions of these circuits are selected the same, by the progress of clockwise. We form the equation for the second Kirchhoff’s law for circuits and combine them in the system
	
[image: image78.wmf](

)

(

)

ï

î

ï

í

ì

-

=

×

-

×

+

×

-

=

×

+

+

×

-

×

-

=

×

+

×

+

×

+

-

circuit.

 

ІІІ

for 

     

          

1

3

3

6

2

circuit;

  

ІІ

for 

      

2

8

7

6

5

circuit;

 

І

for 

          

1

5

3

4

1

3

2

2

4

6

5

5

3

1

E

E

I

R

I

R

I

R

E

I

R

R

I

R

I

R

E

I

R

I

R

I

R

R

.
	(1.45)


The equations for the circuit with the source of current are is not added.made 
Combine the equation (1.44), compiled by the first Kirchhoff's law and the equation (1.45), drawn up by the second Kirchhoff’s law in a single system:
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 After solving the equations’ system using MathCAD computer program (pic.1.32), we obtain currents’ values in branches of a circle: І1=–2.059 мА, І2=–6.384 мА, І3=–3.557 мА, І4=0.894 мА, І5=1.165 мА, І6=4.722 мА.

To ensure the accuracy of currents calculations add make the balance, calculate the total energy P1 and total capacity P2 of energy consumers:
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The energy balance is carried out, so current calculation is made correctly.
1.4.6. The method of contour currents
The method of contour currents is based on the contour current concept. Contour current is called a mental estimated current that flows in all elements of the independent circuit. As the branch can simultaneously enter into multiple circuits, the actual current in the branch will be algebraic sum of contour currents, that the system of real currents in branches is divided by the system of contour currents as in vector algebra the vectors are divided by the system of basis vectors. To distinguish the outline currents from the circuit branches, they usually represent double indexes І11, І22, І33, ... .
Remark. If the circuit includes a current source, the current value of contour in this circuit is equal to the power source. The sign of the current contour is opposite to the sign of current source where the current contour and the current source are directed towards each other, and the sign of the current contour is identical with the sign of the current source, if directions of theses currents trends are the same.

Accept the concept of current contour in this method other meanings such as contour electromotive force, its own resistance circuit, mutual impedance of two circuits are used. 

Contour electromotive force is called the algebraic sum of electromotive force voltage source, which is included in this circuit. Electromotive force source enters the algebraic sum with the sign "+" if the direction of the electromotive force coincides with the direction of the current contour and the sign "-" if it has the opposite direction.

Proper resistance circuit is called the sum of the resistance branches included in this circuit. Proper resistances are usually represented by double index, e.g. R11, R22, R33,... . Proper resistances R11, R22, R33, ... are positive values.

Mutual resistance of circuits are called two circuit branches which are common for two circuits that simultaneously include both circuits contours. If two contours have not common branches, the mutual resistance of these circuits is equal to zero. Obviously, the mutual support of the m-and n-order circuits have the property: Rmn=Rnm. Mutual resistance of two circuits will be positive if the directions of contour currents in joint branches are the same, and will be negative if they have opposite directions.

The sequence of calculation. Calculation of branches in a given circuit we make in such an order. The specified range of electrical currents, the branches must be calculated, are presented by the system of linearly independent cicuits. Each circuit is associated with the current contour and the direction of contour current is chosen. It is appropriate, but not necessary to choice the same directions of contour currents: by the clockwise direction or counterclockwise motion.

Next, contour values are calculated by electromotive forces-governmental ownership and mutual resistance circuits.

Given directions bypass circuits and each circuit equation is made by the second Kirchhoff’s law. It is advisable, but not necessary to choose the same directions circuit as contour and currents direction.

The equations drawn by the second Kirchhoff’s law, are integrated into the system. The number of equations in the system is the number of linearly independent circuits circles.

If given electric circuit has N linearly independent circuits, the system will consists of N equations look like this:
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To solve the resulting system of equations which are known by the course of Higher Mathematics. To solve equation systems it is appropriate to use computer programs, for example, MathCAD, MathLab, Mathematica, Maple and others.

Having a solution of linear equations (1.47), that receive contour current value, determine the currents in branches circle. As the branch circle can include several circuits, the current in the branch is defined as the algebraic sum of contour currents. Outline current in the algebraic sum is counted with the sign plus (+) if its direction coincides with the direction of the current in the branch, and with the minus sign (-) if the current is opposite.

Analysis of linear equations contour currents. It is known from mathematics that the solution of linear equations can be written as
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	(1.48)


The value R, that is included in (1.48) is called the determinant of equity and mutual resistance and is determined by their mutual support and contours by the formula
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mn is algebraic addition determinant R, which can be obtained if strike through the determinant of m-th column and the n-th row and multiplying obtained determinant in such a way (-1)(m+n). 
The values mn /R , which can be obtained, by revealing brackets in the system of equations (1.48) have a dimension conductivity, is are called transfer conductivity circuits and marked Gmn. The physical meaning of gear conductivity is to express the impact of contour m-electromotive force Emm on the n-th current contour Inn. Taking into account the mutual-conductance system of equations (1.48) it can be represented as
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GmnEnn values have different dimension and are marked as Im-n and called partial currents. Taking this into account and write the system of equations (1.50) in the following way:
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Analyzing the system of equations (1.51), we see that every contour Imm is the sum of the partial currents Im-1, Im-2 , Im-3, ... , Im-n, ... , Im-N, in other words, each contour of electromotive Enn force brings its share into Im-n in the general outline current Imm.
Example 1.7. The electrical circuit which is shown in Fig. 1.33, parameters of the circle have the following meanings:

E1=6.0 V, J1=18.0 mA,  R1=3.3 kR2=4.7 k R3=5.6 k R4=6.2 k R5=7.5 k
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Calculate the currents in the circle branches of contour current.

Solution

The set electric circle has four nodes, six branches and three linearly independent circuits.

Let’s imagine given electric circuit system of linearly independent circuits. Suppose that the first circuit includes elements R1, R2, R5, E1, the second - R1, R2, R3, R4, the third - R4, R2, J1. Each linearly independent circuit has outline current I11, I22,I33. Areas of contour currents for simplifying the calculations we take the same - the progress clockwise (Fig. 1.33). The value of current I33 contour is known as expressed through the value of the current source
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For other contour currents, such as I11, I22, constitute a system of linear equations by the second Kirchhoff’s law:
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As contour current I33 is known, the system of equations can be written in the following form:
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Determine the proper and mutual circuits resistance and calculate their values:
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Determine the contour electromotive force and calculate their values:


[image: image90.wmf].

 

0

;

 

0

;

 

0

.

6

33

22

1

11

V

E

V

E

V

E

E

=

=

=

=

 .

Solve the resulting system of linear equations with the help of MathCAD. Solution is shown in Fig. 1.34. Contoured currents I11, I22 have the following meanings:

I11 = 0.923 mA,           I22 = – 9.536 mA.

For values ​​of contour currents we determine the currents in circle branches using MathCAD:
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To verify the calculations we make up the energy balance, which calculate the total power energy Р1 and the total power energy of consumers Р2:
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Total power sources and consumers of energy level are the same, so current calculation is correct.

Example 1.8. Calculation of the currents in circle branches are shown in Fig. 1.35. Options range of elements have the following meanings:

E1=3.0 V, J1=12.0 mA, R1=2.2 k R2=2.7 k R3=3.3 k R4=3.6 k[image: image323.wmf]E=KU

U


Fig. 1.35

Solution

Imagine given electric circuit as the system of linearly independent circuits. Let the first circuit will constitute elements R1, R3, E1, the second - R2, R4, E1, the third - R1, R2, J1 Each linearly independent circuit has outline current I11, I22,I33. Areas of contour currents for simplifying the calculations we take the same - the progress clockwise (Fig. 1.35). The value of current I33 contour is known as expressed through the value of the current source value
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For other contour currents, such as I11, I22, we constitute a system of linear equations of the second Kirchhoff’s law:
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As I33=J1, rewrite the system of equations in the form of

[image: image95.wmf]î

í

ì

×

+

=

×

+

×

-

×

+

=

×

-

×

.

;

1

23

22

22

22

11

21

1

13

11

22

12

11

11

J

R

E

I

R

I

R

J

R

E

I

R

I

R

 .

Determine your proper and mutual resistance of circuits and calculate their values:
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Determine the contour electromotive force and calculate their values:
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Substitute the calculated values ​​in a range of equations and solve the resulting system of linear equations using MathCAD:

Contoured currents I11, I22 have the following meanings:

I11=4.255 mA;           I22=5.619 mA.

For the resulting values ​​of contour currents determine the values ​​of currents in branches with the help of MathCAD:
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Checking the accuracy of calculations, make the energy balance:
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1.4.7. Method of nodal potentials (node voltages)
For finding the currents in the branches of a given circuit using the nodes’ potentials method node voltages is the first node which determines the potential range.

To identify potential sites, the system of equations by the first law Kirchhoff’s law
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substitute expressions for currents I1 , I1 , … ,In , compiled by Ohm's law:
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After completing the necessary equivalent conversion we can reduce the system of equations (1.52) to the following types:
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If given electric circuit has will have (N + 1) nodes, the system (1.54) will contains N equations.

The system of equations (1.54) has N nodes potentials of V1, V2, V3,…, VN, whose which values are needed to be measured. The potential of one of the unit is assumed to be zero (V0=0). 
Accept the potential range of nodes, the system of equations (1.54) has the value G11, G22, G33,…, GNN, which are called intrinsic conductivity units.

Intrinsic node conductivity is called Gnn, the amount of branches conductivities which are included in this unit. Proper conduction units are included in the equation (1.54) with the sign "+".

Mutual nodes conductivity Gnn m and n is the sum of branches conductivities which are directly connected connect these two nodes, in other words, the branches, which simultaneously can be in one and in the other units. If the branch doesn’t connect two nodes, the mutual conductance in this case is equal to zero. For mutual conductance assertion is
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Mutual conductivity is included in equation (1.54) with the sign "-".

The values of J11, J11, J11,…, J11 in the right side of the equation (1.54) are called nodes’ currents nodes. Node’s unit is called the algebraic sum of current sources of branch circuits. The current source of a branches is included in the sum with the sign "+" if the current source is directed to the site, and the sign "-" if the current source of a branches is directed from the site. If a given branch circuit contains not a source of current current source but voltage source with the help of its equivalent conversion is converted changed to a current source. If the branch does not contain sources of energy, so the term in the algebraic sum is equal to zero.

It is known that the solution of linear equations (1.54) has the form
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The value G, included in (1.56) is called the determinant of equity and mutual resistance circle and is determined through its own units and mutual resistance by the formula
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mn is algebraic addition determinant R, which can be obtained if strike through the determinant of m-th column and the n-th row and multiplying obtained determinant in such a way (-1)(m+n). 
If we take out brackets in equations (1.56), we can get the value mn/G , with the dimension of resistance, which is called transfer units and resistance and marked Rmn. Transfer resistance binding potential of the m-node with current Jn and shows how the n-current source is the potential of the m-node.

If the substitute circuit resistance to the system of equations (1.56), it takes the form
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The values RmnJnn have potential dimension, which are called partial potentials node and marked RmnJnn. Partial potential shows what proportion of the potential of the m-node makes the action of the n-node current Jnn.
Thus, the potential amount is expressed in units of partial potentials:
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Having equations solution (1.54) of given potential value of N circuit nodes and taking into account the potential (N +1) node is equal to zero, determine the currents in branches circle by Ohm's law:
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Example 1.9. Calculate the currents in the branches of the circuit (fig.1.36) with the method of nodal potentials.

The options range of the elements has the following meanings:

E1=9.0 V, J1=6.0 mA, R1=1.2 k R2=1.6 k R3=2.7 k R4=3.6 k, R5=1.8 k
Solution

For easy calculation transform a source of constant voltage equivalent to a current source (Fig. 1.36):
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The node potential 0 is equal to zero V0 = 0, and according to the other potential units make up the equations’ system:
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Determine the proper and mutual conduction units and calculate their values:

Determine the current units and calculate their values:
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Substitute the calculated value of proper and mutual resistance units and value in current source circuit of equations and solve it with the help of MathCAD:
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Thus, the potential range units have the value
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With a potential value range units (recall that potential node 0 adopted zero V0 = 0), we find the current range of branches by Ohm's law:
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Example 1.10. In a given electrical circuit (fig.1.37) (to) calculate currents in branches by nodal potentials.

Options range of circle elements have has the following meanings:

E1=12.0 V, J1=9.0 mA, R1=1.2 k R2=2.7 k R3=3.6 k R4=4.3 k

Fig. 1.37

Solution

The given electric circle current has four circuit. The feature of the given circle circuit is the branch(es) (presence) between the 3rd and the 4th branch nodes with zero resistance, or infinite big resistance. This fact makes it impossible to do equation nodal assembly capabilities for the 3rd and the 4th units.

To solve this problem, the potential of one of these units, such as the 4th, is taken as equal to zero (V4=0). Then the potential of the 3rd unit will be known (V4=E1) and it is not necessary to do the equation.  

So, do the equation only for the 1st and 2nd units:
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Determine the proper and mutual resistance of nodes units and calculate their values:

	[image: image126.wmf]G

11

1

R

1

1

R

2

+

1.204

10

3

-

´

S

×

=

:=

  [image: image127.wmf]G

22

1

R

3

1

R

4

+

5.103

10

4

-

´

S

×

=

:=


[image: image128.wmf]G

13

1

R

1

8.333

10

4

-

´

S

×

=

:=

           [image: image129.wmf]G

31

G

13

8.333

10

4

-

´

1

W

=

:=


[image: image130.wmf]G

23

1

R

3

2.778

10

4

-

´

S

×

=

:=

   [image: image131.wmf]G

32

G

23

:=


[image: image132.wmf]G

12

0

S

×

:=

       [image: image133.wmf]G

21

G

12

:=



	


Determine the current of nodes units and calculate their values:
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Substitute the calculated value of proper and mutual resistance nodes units and value in current source of branches to equations and solve it with the help of MathCAD:
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Solution of the equation system provides the value of the nodes’potential of units:

V1=0.831V;      V2=24.167V.
Taking into account the potential of the 4th node unit is zero (V4=0), and the potential of 3-node is equal (V4=E1), calculate the currents in branches’ circles by under Ohm's and Kirchhoff’s laws:
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1.4.8. The internode voltage method
The method of internode voltage is a special case of the nodal potentials method if given electric circle contains only two nodes. In such case, the potential of a node is equal to zero (V0=0), and according to the potential of the second node do the equation:
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which reduced the system of equations (1.54) in this particular case.

The solution of (1.61) is
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The value J11 is current of one of the two nodes of the circle. If there are two nodes in a circle, each of them includes all branches of the circle and the current node is the algebraic sum of all current sources of circuits:
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If the branch circle has no current source, but voltage source, it should be replaced on the equivalent current source by the known method of equivalent transformation.

The value of G11 is the resistance of each of two nodes of the circle. As all branches of the circles are included in one or other nodes, the node conduction resistance is the sum of all branches of a circle:
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Since the potential of node 0 is adopted to zero, the potential of node 1 is equal to the voltage between nodes 1 and 0:
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For the resulting values of the voltage between the nodes by Ohm's law determine the currents in branches and calculate their values.

Example 1.11. Find the values of currents in the branches of given circuit that has two nodes (Fig. 1.38). Options range of the elements has the following meanings: E1=9.0 V, E2=12.0 V, J1=1.5 mA, J2=3.0 mA, R1=8.2 kR2=7.5 k R3=6.8 k  R4=6.2 k
Solution

For values define the parameters of voltage range between nodes 1 and 0:
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Determine the currents in the branches of known voltage on them and parametres of element branches by Ohm's law:
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Lecture 3. Analysis of the electric state of complex circuits

1.4.9. Properties of linear circuits
As it was already noted, if all elements of the circuit are lineal, the electric circuit will also be lineal. The property of linearity of the circuit shows that the equations system (1.46), made by the method of direct application of Kirchhoff's laws and the system (1.47), (1.54), compiled by the methods of contour currents and node potentials are systems of lineal equations.

Lineal circles which are range is described by lineal equations’ systems (1.46) (1.47) (1.54) have properties that are important to know for analyzing the processes in the circles.
The property (principle) superposition. If we consider the solution of equations (1.48), drawn up by the method of contour currents, we can see that the current contour Іmm in any circle of the current is the sum of terms, in other words, partial currents
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If the contours are  will be chosen as m- branch was is the part of only one contour m (it is always possible to do so because the division of the circle into the contours has of no limitations, except one - the contours must be linearly independent), the outline current Imm in circuit m and Im in the current branch m are identical. Also, if the contour electromotive force in the equation (1.66) is expressed in terms of electromotive force and reduces circuit branches in such a way, the current Im in the branch m is expressed by the sum of terms:
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Each term in the sum (1.67) is a fraction of the current branch, that is a partial current in the m branch under electromotive force En in the n branch.

The coefficients
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 facing electromotive forces have dimension resistance and are called transmitting conductivity. On the other hand, the current in the m branch can be interpreted as the result of all electromotive forces in a circle, where each electromotive force contributes to the overall result, an action of electromotive forces is overlapping. This is the meaning of blending principle of electromotive force action.

Example 1.12. We need to identify frequently-term currents caused by the action of each source voltage and total current in the branch of the element R2. Options range of the elements have the following meanings: E1=15 V, J1=32 mA, R1=1.3 kR2=4.7 k R3=5.6 k  R4=6.8 k
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Solution

Divide the specified range of linearly independent contours in the way where one branch of R2 elements would include only one circuit, and make linear equations system for the contour currents of these circuits:


[image: image155.wmf]î

í

ì

=

×

-

×

+

×

-

=

×

-

×

-

×

.

;

22

33

23

22

22

11

21

11

33

13

22

12

11

11

E

I

R

I

R

I

R

E

I

R

I

R

I

R


Outline current I33 is a current source  J1
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Proper and mutual resistane of circuits is included in the equations system that has the following meaning:
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Contoured electromotive force is expressed through by branches as follows:
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The equations system for the current contour circle can be written in the form
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The current I2 in the branch of contour elements R2 is equal to current I11 and the method of contour currents is given by
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The determinant of the equations’ system has the form
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Algebraic addition of determinant is expressed by the formula
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Substituting for contour of electromotive forces into the equation for current I2 and grouping terms, we will have
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Calculate the transmitting conductivity 
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Partial currents have the following meanings:
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For current values calculate partial current I2 in the branch with the elements R2:
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The demonstration of blending principle in linear electric circuits can also be based on the equations (1.54), drawn up by the method of nodal potentials. The potential of the m node is defined as the sum of terms
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If the current node in equation (1.68) is expressed in terms of current sources of branches circuits, and to reduce these, we will have
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The analysis of formula (1.69) shows that the potential of m node range is the result of the imposition of all sources of current branches of a circle. Each current source Jn brings its share Vnm to a potential site, despite of the power source which in other branches of the circle or not. Each share V1m, V2m, Vnm, ... is called partial potential of a node.

Coefficients R1m, R2m, Rnm, ... in equation (1.69):
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have a dimension called resistance and transmitting resistance of the n-order power source to the m-order node.
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Example 1.13. Identify partial potentials of nodes caused by the action of each source voltage and total current in the branch of the element R1. Options range of the elements have the following meaning: E1=5 V, J1=24 mA, R1=2.4 kR2=3.9 k R3=6.8 k  R4=9.1 k, R5=5.6 k
Solution

The electric circle has four nodes and seven branches. The potential of node 0 is equal to zero V0=0, then the potential of node 3 is V3= E1=5 V. 
Fig. 1.40

Make the system of linear equations for potentials units 1, 2 of given circuit :
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Proper and mutual resistance within the system of equations is equal to
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Node currents are determined by the formula


[image: image172.wmf]mA.

  

24

mA;

  

24

1

22

1

11

-

=

-

=

=

=

J

J

J

J


Solving the equations’ system, the expression for the potential node 1 is:
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Determinant of the equations’ system is
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Algebraic addition of determinant G is expressed by the formula
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Substituting the equation for potentials of nodes 1 and 2 for expression contour electromotive forces and grouping terms, we will have
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Calculate the transmitting resistance:
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Partial potentials of nodes 1 and 2 have the following meaning:
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Partial potentials 
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For partial potential values calculate potentials of nodes 1 and 2:
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The principle of imposing actions (principle of superposition) is valid not only for linear circuits, but also for individuals of any nature: mechanical, hydraulic, pneumatic and other. This principle is the result of simultaneous action of several reasons, the linear system is the sum of the results of each reason in particular. Each reason brings its share to the result despite of other reasons.

The property (principle) of reciprocity. Let’s consider branched electrical circle which has comprising a voltage source only in one n branch. Define the current in the m branch by contour currents. Imagine the range of system linearly independent circuit and select these contours in the way where contour m branch was included only in the m circuit and branch n - only in the n circuit. Then the method of contour currents in the branch current Im m and current in the circuit Imm m are identical. Contour electromotive force in the circuit Enn n and electromotive force En branch of n will also be identical.

In this case, it is based on the total solution (1.47), the current in the m branch expressed by the formula
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The value R is the determinant of equity and mutual resistance, which is expressed through their mutual resistance and contours by the formula (1.49), where  mn is algebraic addition of determinant R.

The value mn /R has a dimension called mutual resistance and conductivity circuit of m and n:
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Using this method, you can also determine the current in the branch n, where the source voltage is turned by formula which is similar to (1.71):
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is called the proper branch n resistance. In other words, conductivity of proper branches is the ratio of branche’s current to its electromotive force.

If we consider the same circle, but the voltage source of the electromotive force of the same value is placed in the m branch, and find current in the n branch, the expression of the current will look like
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Determinants mn and nm are equal due to the balance of the determinant R, that
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In this case, the currents Im and In are equal
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This is the meaning of equality and reciprocity: electromotive force Em,Em, plugging in the branch m, causing the same current in the branch n In, current Im=In the branch in m, caused by electromotive force En, plugging in the branch of n, if Em=En.
The property (principle) compensation. It can be shown that any linear resistive element in electrical circle can be replaced by the equivalent of the ideal voltage source, an electromotive force which is associated with the resistance of a resistive element and with the current ratio (Fig. 1.41)
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The direction of the electromotive force in the opposite direction of current resistive element.

[image: image330.emf]U

I

J



г)

 

This ratio is widely used in the analysis of electrical circles.

[image: image331.wmf]R3

E1

J1

R6

R5

J2

R7

E2

R4

R1

R2

0

1

2

3

4

Property of equivalence. If a linear electrical circle of optional degree of complexity (Fig. 1.42) to we select the optional branch (the first part of the circle), then the rest of the electrical circle (the second part of the circle) can be represented by a generalized element with two poles. This general element is called the two-terminal-pair network. The two-terminal-pair network is active if the part of the circuit that presents this two-terminal-pair, includes energy sources (voltage and current source) and will be passive, if energy in these parts is absent. The concept of active and passive two-terminal-pair network is widely used for the analysis and calculation of electrical circle.

Active two-terminal-pair network, in other words, the part of the electrical circle with optional degree of complexity, containing energy source can be replaced by the equivalent source of energy (the equivalent generator). The equivalent generator has a serial or parallel two-element-pair equivalent scheme (Fig. 1.42).

Sequential equivalent scheme has serial connection with the ideal voltage source with electromotive force and Ее resistive element with resistance Re and called Tevenen’s equivalent circuit.

Parallel equivalent circuit consists of parallel connection with ideal current source with current Jе and conductivity of the resistive element Ge is called the Norton’s equivalent circuit.

Electromotive power of the voltage source of serial two-element-pair equivalent circuit (Fig. 1.42) is equal to the voltage between the poles of the second part of the electrical circle, and the internal voltage source is equal to the input impedance between the poles of the second part of the electrical circle.

The current of source of two-element-pair parallel equivalent circuit (Fig. 1.42) is equal to short-to-power circuit between the poles of the second electrical circle, and the internal conduction of current of source is the input conduction between the poles of the second part of the given circle circuit. 

1.4.10. The method of superposition
The value of the currents in the branches of the electrical circle can be calculated, using the principle of imposition. This calculation method is called the method of blending or superposition (“superposition” is the word of foreign origin, and it means “blending”).

In accordance with the principle of imposing, current in any branch of the electrical circle is the algebraic sum of the partial currents, all of which are caused by only one source of energy: the source voltage or current source. Therefore, given electrical circle with multiple power sources is represented by partial circuits, each has only one source of energy. In partial electrical circuits power sources are seized and replaced by their internal resistance.

Then partial currents in all branches of partial circuits are calculated by the known method.
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The currents in the branches of the given circuit are calculated as the algebraic sum of partial currents in the branches of similar partial circles.

Example 1.14. Calculate the current element R5 of electric curcuit by imposing value (Fig. 1.43). Options range of the elements have the following meanings:

E1=6.0 V, J1=18.0 mA, R1=3.3 k R2=4.7 k R3=5.6 k R4=6.2 k R5=7.5 k

Solution

The given electrical circle has four nodes, six branches and three linearly independent circuits.

Define the value of the current circuit element R5 in three ways:

 using transmitting conductivity;

 using transmitting resistance;

 through partial currents in electric circuits.

The first way. Defining current І5 by imposing resistance through conduction.

Imagine the given electric circuit system of linearly independent contour. Suppose that the first circuit includes elements R1, R2, R5, E1, second - R1, R2, R3, R4, third - R4, R2, J1. Each linearly independent contour is the contour current I11, I22,I33. Directions of all contour currents for simplifying calculations, take the same by the progress clockwise (Fig. 1.43). The value of current contour I33 is known as it is expressed through the current source value
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As to the other contour currents, such as I11, I22 constitute the system of linear equations with the help of the second Kirchhoff's law:
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As it was mentioned, contour current I33 is known as  I33 =J1, then the system of equations (1.79) can be written as
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Determine the proper and mutual resistence of circuits and calculate their values:
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Determine the contour electromotive energy currents and calculate their values:
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Contoured currents in the equations’ system (1.79) can be expressed in terms of resistance conductivity G11 ,  G12 , G21 , G22 : 
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Resistance conductivity G11 ,  G12 , G21 , G22  is expressed through the determinant R in equations (1.79) and its adornments mn:
R =[image: image196.wmf]R

11

R

21

-

R

12

-

R

22

æ

ç

ç

è

ö

÷

÷

ø

242900000

W

2

×

®

    [image: image197.wmf]D

R

242900000

W

2

×

:=


[image: image198.wmf]D

11

1

-

(

)

1

1

+

R

22

×

1.98

10

4

´

W

=

:=

  [image: image199.wmf]D

12

1

-

(

)

1

2

+

R

21

×

8

-

10

3

´

W

=

:=


[image: image200.wmf]D

21

1

-

(

)

2

1

+

R

12

×

8

-

10

3

´

W

=

:=

  [image: image201.wmf]D

22

1

-

(

)

2

2

+

R

11

×

1.55

10

4

´

W

=

:=


Calculate the resistance conductivity 
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The system of equations (1.79) express contour electromotive force Е11, Е22,Е33 through electromotive force range of circle elements:
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If we uncover brackets and reduce similar, we will have
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Resistance conductivity G12, G22  shows the contribution of voltage source of electromotive force Е1 of contour currents I11, I22.
Dimensionless (G11R13+G12R23), –(G21R13+G22R23) equations’ system (1.80) are dimensionless transmitting coefficients, which show the contribution of the current source J1 in contour currents I11, I22.
As the current contour І5 is current І11, it can be calculated by the formula
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Current І5 has two components: one of them is І51=(G11R13+G12R23)∙J1=0.434 mA can be interpreted as a partial current, caused by the action of the current source J1, and the second —  І52=G12Е1=0.198 mA  as partial current caused by a voltage source with electromotive force Е1.
Consequently, current І5, is measured using the resistance conductivity which is equal to
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Second way. Determining the current І5 with the help of blending method through the transmitting support.
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To determine the current in this way, take the potential node 0 zero which is equal to V0=0 and determine their proper and mutual conduction  nodes 1, 2, 3 (Fig. 1.44): 
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Determinant of matrix of nodes’ conductivity is equal 
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After calculateing algebraic addition of determinant is:
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Determine the transfer resistors for node 1: 
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Nodal currents is equal to
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For transmitting resistances and currents determine potential for node 1:
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Substituting the expression for the current node in the last equation
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The potential of node 1 has two components
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which can be interpreted as partial potentials, showing the contribution of the current source J1 and the voltage source of electromotive force Е1 of the overall potential node 1.

Expression (R12—R13)=180  has dimension resistance and is defined as the transmitting resistance from the power source to the potential of node J1 to 1.

Dimensionless R13 / R3 = -0.247 is the resistance ratio of the voltage source of electromotive force Е1 to node capacity 1.

According to the calculated potential of node 1 (V1 = 4.739 V) and accepted to zero (V0=0 V) potential of node 0 of current І5 is determined by Ohm's law:
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Third way. Determining the current by blending method of and І5 through partial circles.

We introduce the given electrical circle as the set of two partial electrical circles electric range (the number of energy sources in given electrical circle is partial circuits (Fig. 1.45). Each partial electrical circuit has only one source of energy: the first - Е1, and the second - J1.
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Current І5 in the given electrical circle is the algebraic sum of the partial currents І51 and І52 in the first and second partial electric circles.

Calculate the first partial current І51 in the first partial electrical circle, with the method of interstitial voltage U110, define voltage between nodes 1 and 0:
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For the calculated value of interstitial voltage U110 І51 determine partial current by Ohm’s law: 
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To simplify further calculations, perform equivalent conversion from the current source J1.
The equivalent voltage source EJ1 and EJ2 determine by formulas
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By the interstitial voltage method determine U210 voltage between nodes 1 and 0: 
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The partial current І52 is determined by Ohm's law: 

	[image: image246.wmf]I

52

U2

10

R

5

0.434

mA

×

=

:=




and finally determine the current І5 as the algebraic sum of the partial currents in two partial electrical circles
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Thus, the current І5 in the branch contains the resistor R5, is calculated by blending method by all three ways, and has the same value.
1.4.11. The method of equivalent generator
The method of equivalent generator, is based on the principle of equivalence. It is advisable to apply in the case when you need to calculate the current only in one branch of the circle.

The electrical circle is nominally divided into two parts: the first is a branch where it is needed to calculate the current, and the second part is the rest of the circle.

According to Tevenen’s theorem, linear electrical circle of any degree of complexity, where two poles are highlighted, can be replaced by a two-element-pair equivalent circuit: serial or parallel. Sequential equivalent circuit consists of the voltage source and serial connection with its resistive element, and parallel: with a current source and parallel connection with its resistive element. Since the equivalent circuit includes the energy source, it is called an equivalent generator.

Replace the second part of the circle by two-element-pair equivalent circuit.

If you select the sequential equivalent circuit, determine the value of the equivalent electromotive force Ее and its voltage re of the resistive element. The value of the electromotive force equivalent is equal to voltage between the output poles of the second part of the circle of noload range, that mode when the branch, where we need to find current, is removed. Output voltage between the poles can be determined by any method. It is advisable to choose the method that best facilitates calculations. Resistance of resistive element of equivalent circuit is equal to the resistance between the output poles of the second part of the given electrical circle circuit.

If the selected parallel equivalent circuit, the value of current source and conductance Je, of resistive ge element is determined. The value of current Je source is equal to the current of short-circuit between the output poles of the second part of the given electrical circle. This value can be calculated by any method, but it is advisable to choose a method that best facilitates calculations. Conductivity ge of the resistive element of equivalent circuit is equal to the second conductivity of the given electrical circle, which can be determined by any method.
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Fig. 1.46

After determining the parameters of two elements of the equivalent circuit, plug the first part of the circle, in other words the branch where you need to define the current, to the equivalent circuit and determine this current by Ohm's law.
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Fig. 1.47
 

Example 1.15. Calculate the generator by an equivalent value of the current element R1 of the electrical circle (Fig. 1.47). Options range of the elements have the following meanings:

E1=12.0 V, J1=9.0 mA,  R1=1.2 kR2=2.7 k
R3=3.6 kR4=4.3 k R5=5.1 k
Solution

Divide a given electrical circle into two parts: the first part is the branch of the circle with R1 element, and the second part is the rest of the circle.  (Fig. 1.47).

The second part is an active two-terminal-pair circle of poles 1 and 0, which is advisable to replace by the generator with serial and parallel equivalent circuits.

First way. First, consider the equivalent generator with the serial equivalent circuit (Fig. 1.48). Its electromotive force Ее is equal to the equivalent generator voltage U10 between poles 1 and 0 of two-terminal-pair active networks. Voltage can be defined by the method of contour currents, taking zero 0 as the potential of the pole (V0 = 0). In The second part of the set circuit we give two contours: the first contour includes the elements R3, R4, R5, E1, and the second one includes the elements R2, R4, J1. Directions of current contour are chosen for the progress of clockwise. The value of contour current in the second circuit is known: I22=−J1=−9.0 mA.
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Fig. 1.48

Define their proper resistance of the second part the electrical circle: active two-terminal of poles 0 and 1 support
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Contour electromotive force of the first circuit is equal to
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 Make the contour equation for current I11
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Substitute expressions into the equation for contour electromotive force and contour current of the second contour of current
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Solve this equation and find the value of the first contour current
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Voltage between the output poles 1 and 0 is equal to active two-terminal-pair
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Thus, the electromotive force of the equivalent generator is equal to 

Ее =U10=V1-V0=44.463 V.
The equivalent resistance Re of active two-terminal-pair poles between 1 and 0 can be determined if the active two-terminal-pair replace into the passive, in other words, replace energy sources into their internal resistance (Fig. 1.49, a): 
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Knowing the parameters of Ее and Re of the equivalent generator we determine the current in the branch with the resistor R1 (Fig. 1.49, b): 
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Fig. 1.50



Second way. Now find the current in the branch with the resistor R1, using the equivalent parallel circuit with generator replacement (equivalent Norton’s generator), which is shown in Fig. 1.50.

Define their proper resistance of the second part of the given electrical circle circuit: active two-terminal-pair circuit of the poles 1 and 0: 
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For the resulting of proper and mutual resistance, calculate the determinant of resistance range
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and its algebraic additions
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Now, find transfer resistance
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Next, determine the contour electromotive force of the circle range
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Contour current І11 is a short-circuit current of active two-terminal-pair, so it is the current of the equivalent generator
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Internal resistance of the equivalent generator was defined earlier: Re=5.8 k.
Changing the second part of the equivalent generator with a parallel circuit (Fig. 1.51), determine the current І1 in the branch with the resistor R1: 
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Fig. 1.51
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Thus, the current І1 in the branch with the resistor R1, is defined by the second method, which has the same meaning as it was defined by the first method.
Topic 1.3. Nonlinear electric circuits

Lecture 10. Classification of nonlinear elements
The concept of nonlinear elements and nonlinear electrical circles 
Nonlinear resistive element of the circle is called the element with the relationship between current and voltage, in other words, current-voltage characteristic I=f(U) of which is described by the nonlinear function (Fig. 1.52, a).
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Fig. 1.52
Accept the nonlinear resistive element for analysing of electrical circles the non-linear capacitive element is widely used, where non-linear relationship between the charge and voltage, that non-linear pendant-Volt characteristic Q=f(U) (Fig. 1.52, b) and linear inductive element with nonlinear Weber-ampern characteristics, in other words, with nonlinear dependence of interlinkage between the element and its current =f(I) (Fig. 1.52 c).

Fig. 1.52 pictograms are conditional and non-linear characteristics are given of ideal nonlinear elements. If electrical circle includes at least one non-linear element, such circle belongs to nonlinear electrical circles.

Nonlinear are almost all semiconductor devices (diodes, transistors, thyristors, etc.), electro magnetic elements and many other electrical devices. Fig. 1.53 represents , as an example, current-voltage characteristics of the most common semiconductor components: diodes and transistors.
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Actual electrical devices, like circuit elements, have greater or lesser degree of nonlinearity and assignment of various devices to the linear means that for a given accuracy requirements and simplifying the analysis of nonlinearity can be neglected. However, if the same device is used in the industry where demands for accuracy are higher, for example in the field of measurement technology, the non-linear element can not be neglected and must be considered. The complexity of the analysis in this case will increase significantly.

Features and options of nonlinear elements. The main characteristic of nonlinear elements of electrical circle is its current-voltage characteristic, that the dependence of the current in the element of the applied voltage to the element is i=f(u). Current-voltage characteristics of the nonlinear element best reflect the properties of the element and can be presented in the analytical (in the form formula), graphical or tabular form.

Accept current-voltage characteristics, such parameters of nonlinear element as static and dynamic or nonlinear differential elements are widely used in practice.

Nonlinear static resistance of the element is the ratio of voltage on the element to the current element in this mode. Graphically static resistance of the element is determined by tangent of slope angle to the horizontal axis straight line drawn from the origin to the point of current-voltage characteristics (Fig. 1.54). With the change in the position of the current-voltage characteristics of static resistance of the element will change, that static resistance of nonlinear element depends on the current element.
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Fig. 1.54
Dynamic or differential resistance is determined by the relatively narrow range of values around the certain point of the current-voltage characteristics as increasing voltage in this range of current.
 Graphically dynamic resistance is defined as the slope of the tangent to the x-axis drawn the schedule of current-voltage characteristics at some point (Fig. 1.54).

Linear equivalent circuit of nonlinear elements. In many cases, nonlinear elements such as transistors are not entirely acceptable range of voltages and currents, but only in a narrow range in the circut of the point. This point is called the working point and operating mode of nonlinear element in a narrow range of voltages and currents are is small signal regime. From the small signal a plot of voltage-current characteristics of the nonlinear element with suffient accuracy can be represented by a straight line, and the non-linear element with linear equivalent circuit.

For example, if a semiconductor diode operats in a narrow range near point A (Fig. 1.54, a), this working area of the current-voltage of diodes characteristics is replaced by a segment of the line tangent to characteristic at this point. The segment, which cuts the tangent to the x-axis, in other words, the axis of stress can be seen as electromotive force of the voltage source. Thus, the non-linear element, in this case a semiconductor diode, in a narrow range near the working point A can be replaced by equivalent circuit which consists of serial connection of voltage source and a resistive element which resistance is the dynamic resistance of the diode at this point.

For the return branch of voltage-current characteristics of the diode it is reasonable to use the equivalent circuit with parallel connection of ideal current source and the resistive element (Fig. 1.55, b). Current of source of the equivalent circuit is a segment on the vertical axis, which cuts the tangent to the return branch of voltage-current characteristics of the diode.

Methods for nonlinear circuits calculation. As the properties of nonlinear element are not described by parametres, but by dependence, in other words, current-voltage characteristics, the calculation of non-linear electrical circles is much more complicated compared to the linear circles.

Equations and equations’ systems made by Kirchhoff’s and Ohm’s laws are nonlinear. There are is no general method for solving nonlinear equations, but there were developed many numerical methods for solving nonlinear equations that can be implemented successfully on the computer.

In practice these methods are widely used for calculating the partial non-linear circles.

The method of inverse characteristics. The method of inverse characteristics is used to calculate the serial connection of linear and nonlinear elements or two nonlinear elements.

For example, in electronics a serial transistor is often used, which is controlled by the nonlinear element and a resistor – the linear element (Fig. 1.55).
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Fig. 1.55

The equation for such non-linear electrical circle, is composed by the second Kirchhoff’s law, will look like

	RCIC+UCE(IC)=E1=UCC.
	(1.81)
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Fig. 1.56

If voltage of the linear element, resistor RCIC, is transmitted to the right part of the equation with the opposite sign, we will get
	UCE(IC)=UCC—RCIC..
	(1.82)

	
	


From the point of mathematics, the right side of equation (1.82) is a straight line equation. This straight line is often called direct load. Direct loading can be built with two points: 

if IC=0, U=UCC;

if U=0, IC = IC=UCC/RC.

The dependence of voltage on non-linear element is from the current transistor UCE(IC) in the left side of the equation is output characteristics of the transistor. Thus, the equation (1.82) can be solved graphically. The solution of this equation is are points of intersection, which coordinate direct loading of the output characteristics of the transistor (fig.1.57).

The method of inverse characteristic is widely used for the analysis of two serial connection nonlinear elements such as amplifitier analysis with dynamic load (fig.1.58). Transistors VT1, VT2 form a current source with significant output impedance (the so-called "current mirror"). A significant output resistance of the transistor VT2 is the load for transistor VT3, which acts as an amplifitier.
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The equation for this nonlinear electrical circle, composed by the second Kirchhoff’s law, will look like
	UCE2(IC)+UCE3(IC)=E1=UCC.
	(1.83)




In this case, the role of load line performs output characteristics of transistor VT2. The nonlinear equation (1.83) as the previous one, it is convenient to be solved graphically. Build mirror image (reversed) characteristic UCE2(IC) of transistor VT2 from the beginning at the point U=UCC. The coordinates of the intersection point are the characteristics of the output characteristic UCE3(IC) amplifitier transistor VT3 and will be the solution of the nonlinear equation (1.83).

Analysis of the solution of the nonlinear equation (1.83) shows the dynamic benefits, non-linear load intensive transistor compared with linear, resistive one. The output current of the intensive transistor has high stability, almost independent of changes in voltage. In addition, this amplifier has considerable resistance throughout the range of current output amplifier
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