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Abstract    In the paper two technical issues described by ma​the​matical models  are presented. The first problem con​cerns the mathematical modeling of the electromagnetic field in la​mi​na​ted ferromagnetic cores. Algorithms of transient  and ste​ady-state are presented. The phenomenon based on the con​nec​​tion core condition and magnetizing current is investigated too. The second problem involves electro​ma​gnetic field mo​de​ling in high-current vacuum switch. Some theoretical pro​blems dedicated to arc-quenching in vacuum switches are de​scri​​bed. Provided tests show influence of switch shape on field di​stribution to obtain sustained vitality of vacuum switch. Ad​di​tio​naly, for both issues the mathematical model ve​ri​fi​ca​tion with using real objects are considered.   

  Keywords    electromagnetic field; mathematical model; la​mi​​nated toroidal core; Cauchy problem, two-boundary pro​blem; bipolar switch; vacuum chamber; model verification.  
1  Introduction
In this paper the issues associated with implementing the idea of ma​the​ma​tical modeling to solve some problems of electromagnetic field are de​scri​bed. The subjects of study are laminated ferromagnetic toroidal tran​sformer and high-current vacuum switches. The intention to conduct these re​searches was the need to resolve certain technical problems. In the case of toroidal co​res we tried to elaborate the concept of calculating the electro​ma​gnetic field in the re​al laminated structure to obtain accurate field time-spatial di​stri​bution. This approach offers interesting possibilities for defect si​mu​lation of the la​mi​na​ted structure and observation electromagnetic quantity un​der these con​di​tions. It seems, that particularly interesting phenomenon – which was con​fir​med in the investigation – is the influence of defect structure on the time-co​urse of the winding magnetizing current. 
In the case of high-current vacuum switches high particularly noteworthy phe​​nomenon is arc extinction. Depending on the size of breaking current arc-que​nching process is different. Recently, a number of scientific papers appe​ared, which are aimed at understanding these phenomena [2], [3], [4], [5], [6]. The main aim of the research in this area is to find the solution which will allow to increase the breaking capacity and back-endurance of the contacts. 
In the article the method using numerical simulations modeling is presented. In ad​dition, the results were compared with the proposed measurement me​thods with using real system of contacts. 
2  Numerical simulations of electromagnetic field in fer​ro​ma​gne​tic laminated toroidal cores 
Mathematical modeling of electromagnetic field in laminated cores is usually difficult problem. It is connected with nonlinear, anisotropic properties and complicated geometric shape of the core, particularly in splicing areas. To simplify model equations, well known approach called homogenization te​chni​que is used [8], [9], [10]. In this case, the laminated structure can be treated as the solid ani​so​tropic medium, and it requires appropriate transformation. Another problem re​la​​tes to the characteristics of magnetization taking into account the phe​no​me​non of magnetic hysteresis. This is the reason for the difficulties because such functions depend not only on arguments but also “history” of magneti​za​tion processes simultaneously. In the paper electro​ma​gne​tic field equations in transformer with laminated toroidal core in idle state are implemented. The semi-field mathematical model based on mixed differ​ren​tial equations with ordi​nary and partial derivatives is proposed.This approach enables to write diffe​rential equations in the Cauchy normal form. In particular, the following assumption were assumed:
· the electromagnetic field of the transformer is divided on the main field and the field of dissipation, the main field is described by partial differential equations of the quasistationary electromagnetic field, 
· the dissipation field is described by ordinary differential equations of the electromagnetic circuit,

· the hysteresis loop is neglected,
· the supply voltage in magnetizing windings as the force signal.
 The initial value problem and two-boundary problem is solved with using numerical method. Corresponding algorithms and computer simulation results are given. The model verification with real object is also included. Regarding field equations in real laminated structure, it allows to simulate core de​fect, ie. shorts between particular sheets. In practice, to detect such core fa​ults the chro​ma​to​graphy and the thermovision methods are uti​lized. The chro​​​​ma​tography is very com​pli​​​cated and gives results which are di​fficult to in​ter​​​pret while thermovision is very ex​pen​sive. Numerical si​mulations with using proposed model shows, that current in magnetizing win​dings of tran​sfor​mer can be treated as the information signal about core con​di​tion. This is con​fir​med in the article by experiments with using real object too.
2.1 Mathematical model of the toroidal transformer
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Electromagnetic field vectors for the toroidal core can be naturally consi​de​red in the cylindrical system. In the  Fig.1a) vector field distribution 
is de​picted. To apply numerical methods for discrete model spatial discre​ti​za​tion of the solution area is required (dedicated to finite difference method). It is shown on the Fig. 1b) for the case of two sheets.  
                              
[image: image140.jpg]1000 .
900
800
700
600
500

400

300 .
12 14




                  a                                                                   b

 Fig. 1. Electromagnetic field vectors in cylindrical system of co-ordinates (a) and discretized cross-section of toroid (b).
In the system, vectors of the electromagnetic field can be described as:
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(1)          
where: H – the magnetic field intensity, B – the magnetic flux density, 
E – the electric field intensity,
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Using I and II Maxwell’s equation, the electro​ma​gne​tic field in the toroidal core can be described as follows: 
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where equation (2) describes field in ferromagnetic layers, while equation (3) – in dielectric layers.  The connection between components of vectors H and B is specified for the ferromagnetic layers by nonlinear equation:
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where 
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is ferromagnetic reluctivity. In dielectric layers equation (4) is linear with constant reluctivity 
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On the border of two environments the condition for the continuity of the angular component of the vector H must be fulfilled:
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Boundary conditions for  field equation (2) are defined from the Ampere’s law:
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where iw – current in magnetizing windings, w - number of turns. Current can be calculated form dissipation flux equation:
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where ( - full flux linkage; ( - the main magnetic flux; L - inductivity of the dissipation. Coefficient ( can be considered as a constant value, because dissipation flux is considered in linear environment.  Differential form of the current equation can be written using self-induction law formula as follows:
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where u is voltage supplied. The main magnetic flux can be calculated as the integral of its density, therefore the last right component in (8) can be calculated as:
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where S – area of integration. Using Simpson formula and notation given on the Fig 1b, equation (9) obtains discrete form: 
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where  
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 - Simpson coefficients. For border nodes boundary conditions (4) are obligated and it leads do the following formula : 
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with differential reluctivity 
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 which can be calculated on the basis magnetization curve. Above considerations let write final current ordinary differential equation (8) in the following form:
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where:
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To obtain computing solution of the problem spatial discretization of partial differential equation (2) and (3) is required. It can be done by applying finite difference method. In this case equation (2) transforms to ordinary differential equation:
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while (3) obtains algebraic form: 
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(15)
where c, d, e, f, are constant coefficients. Assuming matrix notation, equation (12), (13) can be written in normal form as:  
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(17)
the mathematical model of toroidal transformer composed of equation (16), (4), (5), (13) is built. Algorithm of computation applies to Cauchy problem of initial conditions (16). It can be realized using implicite Euler method. Stability of numerical calculations  was achieved on the basis Courant condition. Additionaly, in each time-step of computations the following numerical methods was used: simple iteration method for solving equation field equation (15), bisection method to solve non-linear equation (4). Algorithm of computation is given on the Fig. 2.
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Fig. 2. Algorithm of transient-process calculations 


It should be noted, that solution of the Cauchy problem (16) determines transient processes in the transformer. To obtain steady-state dedicated “naive” method was applied [7], [11]. It can be used for some class of problems associated with deformed periodical signals with period T. In the method was assumed, that average value of the deformed signal in steady-state is very close to zero. On the  Fig. 3 appropriate algorithm is presented.
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Fig. 3. Algorithm of the “naive” method.
Proposed mathematical model of the toroidal transformer allows to determine all parameters of the electromagnetic field in steady state. In the Fig. 4 some time-dependences and spatial distribution of the field parameters are given. 



         

a

    b

c

d

Fig. 4. Some results of electromagnetic field computations in steady-state for toroidal core: (a) time dependence of main magnetic flux, (b), (c) time-dependence of the magnetic strength and induction respectively in selected discrete node,  (d) spatial distribution of induction B for fixed time 
[image: image31.wmf]T

t

=

. 

 Other studies concerned to the verification of a mathematical model using the real object. 
2.2 Mathematical model verification
In this case, the toroidal laminated core produced by “Stalprodukt” Company in Bochnia was used. All required parameters occurring in model equations were made available by producer, including magnetization curve of the ferromagnetic material. Figure 5 shows current time-dependence in saturated state obtained from the mathematical model and the real object. 
Fig. 5. Current in magnetizing windings for real object and its mathematical model equivalent.

Additionally, in table beside, amplitudes 
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 of most significant odd harmo​nics are compared and error 
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for the model is calculated. For the initial 11 har​​monics errors are relatively small, which confirms the relatively high compa​tibility of these two characteristics.
2.3 Defects the laminated core structure
The proposed mathematical model of the toroid gives possibility to simulate changes in the core structure. Numerical experiments for the core suggest a relationship between the core condition and the time-course of current. On the Fig. 6 some results for damaged structure are shown. 

a

 b
Fig. 6. Spatial distribution of induction (a) and current time-dependences for damaged and normal structure (b)
This effect is visible only in saturated state of the core. It was confirmed by measurements with two real object with this same geometric and electromagnetic parameters. In one of them, shorts between packet were made during the process of the core formation in the factory. On the Fig. 7 voltage measurements representing current in indirect method for these two cores is presented. 

a                                                             b

Fig. 7. Magnetizing current measurements using the indirect method: 
(a) normal core, (b) core with defect.
The Fourier analysis shows that the core defect influences on the harmonics spectrum. Changes are visible both in amplitudes Mk and phase angles (k of k-th harmonics – see Tab. 1
Tab.1. Results of the Fourier analysis for signals from Fig.7
	k
	1
	2
	3
	4
	5
	6

	Mk [V]
	0.4009
	0.0058
	0.0778
	0.0019
	0.0145
	0.0008

	(k [rad]
	-0.073
	1.361
	-0.805
	-1.276
	-0.681
	-1.396

	Mk [V]
	0.4552
	0.0109
	0.0820
	0.0040
	0.0177
	0.0008

	(k [rad]
	-0.046
	-0.960
	-0.177
	-0.057
	0.109
	0.914


This phenomenon is more evident the more saturation of magnetic core – it can be visible on Fig. 8.

Fig. 8. Differences between amplitude of odd harmonics.

Variable 
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represent differences between amplitude values of odd harmonics  obtained for the normal and damaged toroidal core. On the horizontal axis the supply voltage amplitudes 
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 are presented. 
Results of calculations from Tab. 1 indicate that odd harmonics are dominant in opposite to even harmonics. It is related with nature of the magnetizing current, which can be treated as the unsymmetrical function in time. 

Finally, it can be concluded, that current in magnetizing winding can be treated as the information signal about core structure.    

3  Numerical simulations of electromagnetic field 
in high-current vacuum switches

Investigations dedicated to high-current switches are usually connected with considerations about physical (electrical) properties of gas environment.
At atmospheric pressure, the electrical strength of gas describes rising part of the Paschen curve. Breakdown voltage (V) has the characteristic course, which depends on the product of pressure (p) and distance (d). It is shown  shown on the Fig.9. The course of the electric strength describes the Towsend mechanism. In this theory, electrons between successive collisions must have sufficient energy, proportional to the ratio 
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 . It is necessary to ionize gas molecules and produce new electrons, which will be able to duplicate this mechanism. At low pressures, this mechanism is a bit different. In this case, electrons can reach kinetic energy large enough to ionize molecules, however, the probability of collision is very small. Thus, the duplication process of collision and the creation of avalanches is rather impossible. 



Fig. 9. Paschen’s curve
Therefore, the dielectric strength of vacuum is high. It is indicated by Paschen curve, which growing rapidly in the range 
[image: image37.wmf]4

3

10

10

-

-

-

of product  
[image: image38.wmf]pd

. At this pressure, there is no longer ionization mechanism, more probably are electrode surface phenomena as a field emission or occasional collision.  Field emission is based on the release of electrons from the electrode surface by the action of strong electric field. This could also be as a result of the thermo-emission effect of the cathode. Such phenomena occurs in vacuum switches. 

Very important problem in this area is electric arc-quenching issue. This phenomena is completely different than in other construction solutions - using oil or isolated gas SF6 . In vacuum, chain discharge with Towsend mechanism can’t develop. The reason is the absence of free particles, which are responsible for avalanche discharge between contact electrodes. In the vacuum switches formation of the electric arc is usually possible by electrons triggering from contact surface under the strong electric field or escapement and ionization free particles in the inter-electrode space. Here, field-emission and thermo-emission are dominant. In the initial phase of discharge dominates field-emission, while at a later stage booth phenomena occur simultaneously. 

Field-emission is described by Fowler-Nordheim equation as follows: 
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where: 
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 - work function. On the basis equation (18), electric field strength required for electrons emission can be calculated. It obtains following values: 
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). This real value is amplified locally, which is interpreted as the inclusion of external particles in the inter-electrode space. Released form electrode material electrons form a arc plasma which is subject of electromagnetic field impact. The field is generated by appropriately shaped contacts or by other source outside vacuum chamber. On the Fig. 10 Spatial distribution of electrons and ions in vacuum plasma is presented.


Fig. 10. Spatial distribution of electrons and ions in vacuum plasma
Released electrons are easily absorbed by inter-electrode space and it is the reason of arc-quenching. The vacuum, almost perfect, provides especially high feedback electrical resistance, after turning off the current. 
In the vacuum switches two types of arc can be considered. It depends on electromagnetic field direction activity, i.e.: radial and axial field. This makes the arc-quenching is substantially different. For the axial field, diffuse arc-quenching method is considered and this causes separation of the arc into two parallel streams conducting current. The method with compact column arc is characteristics for the radial field. In this case compact column arc spins on the  external surface of the electrodes of the switch. 

In the diffusion method, streams of electrons and ions with size from 5 to 10(m are sent from many points of the cathode. The current in streams flows in parallel and in each of these current reaches values form 1 to several hundred amperes, at a very low voltage of the arc. This is very beneficial in terms of the amount of energy dissipated in the each point, because it does not cause a strong burning the contact surface. At the cathode, there is usually 
a very high temperature and electric field strength:  5000 0K and 5 .109 V/m respectively. The points with high current are divided themselves in such quantity, to provide adequate current value, uniformly distributed on the contact surface. This creates a lot of streams covering the entire surface of the electrode. Between the cathode and the anode ion and electron current flows through ion and electron, which is only 10% of total value. Directional velocity of ions has a value about order of 104 m/s. It means, that it is greater than the velocity of emission. Thus, plasma is very mobile, so that after the disappearance of points that emit electrons and ions arc is extinguished. Voltage distribution in the electric arc is as follows: cathode voltage drop about 20 V, a small voltage drop in the arc which grows according to  current increasing and reaches negative value near the anode. In the diffusion method wear of the contact material is relatively small, due to arc distribution on the almost whole contact surface. 
In constructions with radial magnetic field the electric arc is compact and pu​shed out of electrodes, according to Lorentz force. The anode attracts ele​ctrons and acts a rather passive role. Positive ions balance space charge of ele​ctrons near the anode which causes the formation of a positive anode voltage drop. It cause further absorption of electrons by the anode. The energy sup​pli​ed anode is growing on the relatively small space. This is the reason of signi​fi​cant heating of the anode which leads to emission of the neutral charges. Then these charges are ionized and form large charge of electrons. These electrons ge​​ne​​rate current which flows to the cathode, contrary to the basic current and with small energy. This phenomenon creates anode foot, significantly grater then cathode foot. It leads to melting of the anode and produces lots of fumes from the contact material. In the vacuum switches, the arc lights at the points with greatest local strength, as a result of inequality on the electrodes surface. Additionally, the arc is divided on the streams, which conduct electric current in parallel. Radial magnetic field pushes the arc out​side the electrodes.This phe​nomenon is called the Hall effect and it makes arc-quenching difficult. Com​​pact column arc locally smelts contact surface, and it makes a lots of fu​mes from the contact material. The presence of fumes may cause re-ignition and reduce back-strength. For this reason, it is impor​tant to eliminate for​ma​tion process of compact column arc in vacuum chamber constructions. 
3.1 The measurement of magnetic field distribution between the contacts of vacuum switches
The axial magnetic field can be measured by using concentrically arranged coils placed in the space between the contacts of the switch. In these coils the electric voltage is induced while the contact system is working. 
On the Fig. 11 the appropriate measurement system is presented. 


Fig. 11. System of coils for measurement of electromagnetic field distribution

Voltage values measured at the particular coils allow to calculate magnetic induction value on the contact surface, using the following formula:



[image: image49.wmf]dt

dB

S

V

n

n

n

-

=

,
 (19)

where: 
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 - electric voltage value, induced in the n-th coil, 
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 - surface determined by the coil area, 
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 - magnetic induction.
During the measurement, contact of the switch were connected by cooper rod, while the coils were arranged concentrically so that the field is not affected the measured voltage value. Scaling of the coils was performed in the field generated by a special solenoid large enough in order to obtain a homogeneous field on the surface determined by the scaled coil area. Tips coils should be bolted so as to eliminate the adverse effects of wires which connect the coil with  the measuring system. 


Another way to measure the electromagnetic field distribution between the surfaces of the contacts is shown on the Fig. 12. In this case the special probe was used.
 

Fig. 12.  Measurement of electromagnetic field distribution with using probe
The figure above shows the method of attachment of the probe, in relation to the surface on which the field distribution is measured. In this method, the contact strips is placed in a magnetic field generated by the coil. The measurement is realised by using probe which is placed over the contact surface. Measured voltage should be compared to the coil of the reference system placed outside the measuring system.

The primary purpose of the study was to elaborate mathematical model for the chosen structure of the contacts and its verification with using measurements for the corresponding real object. Presently, there is a rich variety of constructions of vacuum contact systems, therefore the simulation researches were related to the selected model presented on the Fig. 13. 


Fig. 13. Bipolar switch contacts considered in the investigations
For contacts construction from the figure above measurements of the electromagnetic field components were achieved. The corresponding measurements were carried out in the certified laboratory, located at the Electrotechnical Institute in Warsaw. In order to measure the electromagnetic induction in the space between the contacts probe consisting of three coils was constructed. Measurement system from Fig. 11 was used. These coils were arranged in such manner to obtain all components of the electromagnetic induction. On the Fig. 14 the measuring probe is presented.  



Fig. 14. Measuring probe with system of coils 
Each measuring coil has 50 turns and diameter 9 mm. The probe was fixed to support device which allowed the raising and lowering the probe to the required position. Additionally, probe could be set at 15 degrees on the circumference of the contact. During measurement contacts were shorted by using copper rods with length of 17.5 mm and 10 mm in diameter. In the method, the directly measuring quantity is the electric voltage induced in coils. 
These coils, during the flow of current through the contact system, were located in the space between the contacts and inserted from the outside to the center of the contact plate. 
Measurement of induced voltage in the coils was made by HIOKI recorder with period of 100 µs. This gave about 25,000 points for each position of the probe. The measuring probe, in the initial phase of the measurements, was in the neutral position (00) and then gradually shifted to 150 around the perimeter of the contact. Obtained results were used to verify the mathematical model of contacts. 
3.2 Numerical simulations of the electromagnetic field
The primary purpose of the study was to elaborate mathematical model of the contact system as precisely as possible. In order to create a model of the bipolar switch the real contact system was considered as the conductive cooper wire with geometrical size corresponding to the original contacts. This idea is  shown on the Fig. 15. 


                                         a

          b
Fig. 15. Real contact system (a) and its equivalent in the Cartesian system of coordinates (b)  
To calculate component values of the induction vector B the mesh of discrete points between contacts (green line on the Fig. 15a) was considered. Calculations for each discrete point was based on the Biot-Savart law.  According to assumed symbols in Fig. 15 the low takes the form as follows: 
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where: n - sequence number of segment l, 
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 - fraction which takes account how much of current flows in the segment l. After spatial discretization of the area of calculations, values of the particular induction components can be obtained as:
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where i indicates on number of the discrete node, N - total number of segments l. Computer simulations were carried out for 
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 and 96 discrete nodes i. Some results of experiments are shown below. On the Fig. 16 spatial distribution of induction B for system of contacts with conducting current 
50 kA is presented. It can be noted that all components of the induction and hence the total induction B reach its maximum value near the center of the contact plate. The axial component has uniform spatial distribution nature over the entire surface of contact with average value of 800 mT.

                         a


      b






                         c


d
Fig. 16. Spatial distribution of indiction B: (a) axial component, (b) circular component, (c) total induction, (d) radial component
Such  distribution of the axial component with relatively small values of the circular component is very beneficial in the context of the formation of diffusion arc. Circular component reaches a low value for a large part of the contact surface. In the central part, it is increasing rapidly, especially near the arms of the contacts. The radial component is symmetrical comparatively to axis located on the arms of the contacts. 
 3.3 Verification of the mathematical model 

In this sections mathematical results of numerical simulations with real measurements for the bipolar system of contacts are compared. The lower contact was placed at a distance of 17.5 mm, just below the upper contact in such manner to both arms were covered. It is obvious, that mathematical model has a limited accuracy, so there are some differences between the results of measurements and simulations. The figure below presents relevant results of experiments. 

a

b
Fig. 17. Axial component  of induction B: (a) model 900, (b) measurement 900


a

b
Fig. 18. Radial component  of induction B: (a) model 750, (b) measurement 750
Positive verification of mathematical model with measurements in the space between the contacts can suggest the thesis that mathematical modelling can assist in laboratory studies of selected contact system. This approach allows to initially estimate the influence of the current flowing through the contact system on the value and spatial distribution of magnetic induction. Analysis of other contact system constructions will require to introduce appropriate changes to calculate electromagnetic field distribution in the space between the contacts.
4  Conclusions
Studies presented in the article show that the method of mathematical modeling may be useful for supporting the resolution of certain technical issues. An important problem is the representation of the simulated phenomena as accurate as possible. It seems, that approach used for modelling electromagnetic field in the laminated toroidal core allows to simulate phenomena with high precision. The proposed field mathematical model can be successfully applied in the design phase of toroidal transformers, because 
it respects all technical features essential for the functioning of the device. 
The model takes into account non-linear phenomena, and the power supply of magnetizing winding as the quantity which force the formation of the electromagnetic field in toroid. Appropriate numerical methods and algorithms were proposed to solve transient processes, but also a dedicated algorithm for rapid calculation of the steady state was used – it is relatively rarely considered problem.
Interesting achievements were also obtained in the study of the high-current contact system. Presented results of simulation and measurement show, that the proposed mathematical model correctly represents the distribution of the electromagnetic field in the space between contacts. 
An important feature of the model is also ability to calculate any component of the magnetic induction vector. Therefore, it can be concluded that the mathematical modeling of the contact system may significantly facilitate the evaluation of the electromagnetic field for different conditions in which the contact system can work. 
Presented in the article scope of researches does not exhaust the subject undertaken. In the case of laminated toroid, further studies will aim to develop a theme, having regard to the issue of temperature field in the core and the calculation of energy losses. An important aspect may also consider the model in the construction of three-phase windings. In the field modelling, it would be interesting to consider the field equations in three dimensional space. This would allow to take into account the structural defects which may be located   only in a small area of the structure. 
For the study of hugh-current contacts, the measurements for the case where the electric arc occurs only in the middle of the contact plate were presented. The interesting problem to investigate may relate to the electromagnetic field distribution with short contacts in another place, or in several places simultaneously. In this case, modifying the measurement system will be necessary. 
During measurements, strict relationship between mutual contacts position and the values of induction between them was observed. Presented in the article studies concerned only a few contact locations. Therefore, there is need to examine other possible settings, for the different constructions of the contact system. The results obtained in this way could serve to develop the method for the optimal set of contacts with each other for certain pre-conditions and needs. Implementation of such measurements would bring with it the need to construct a vacuum chamber to allow turning on the axis of one of the contact at a specific angle.
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Arkusz1

										Zwarty

						20		40		70		140		200		240		280		320

				1		0.0885		0.1753		0.3077		0.6941		1.0787		1.3480		1.6182		1.8887

				3		0.0000		0.0007		0.0037		0.0251		0.0846		0.1386		0.1868		0.2276

				5		0.0000		0.0004		0.0006		0.0059		0.0306		0.0372		0.0519		0.0520

				7		0.0000		0.0003		0.0018		0.0050		0.0202		0.0415		0.0426		0.0257

				9		0.0000		0.0003		0.0005		0.0007		0.0133		0.0203		0.0252		0.0285

				11		0.0000		0.0002		0.0009		0.0006		0.0052		0.0137		0.0154		0.0090

										NormAL

						20		40		70		140		200		240		280		320

				1		0.0885		0.1755		0.3116		0.7026		1.0948		1.3637		1.6334		1.9621

				3		0.0000		0.0007		0.0055		0.0230		0.0927		0.1408		0.1818		0.1760

				5		0.0000		0.0004		0.0026		0.0052		0.0214		0.0229		0.0226		0.0475

				7		0.0000		0.0003		0.0001		0.0013		0.0112		0.0170		0.0249		0.0088

				9		0.0000		0.0002		0.0003		0.0008		0.0051		0.0109		0.0149		0.0140

				11		0.0000		0.0002		0.0007		0.0028		0.0048		0.0081		0.0099		0.0096

								20		40		70		140		200		240		280		320

						1		0.0000		0.0002		0.0039		0.0085		0.0161		0.0157		0.0152		0.0734

						3		0.0000		0.0000		0.0018		0.0021		0.0081		0.0022		0.0050		0.0516

						5		0.0000		0.0000		0.0020		0.0007		0.0092		0.0143		0.0293		0.0045

						7		0.0000		0.0000		0.0017		0.0037		0.0090		0.0245		0.0177		0.0169

						9		0.0000		0.0001		0.0002		0.0001		0.0082		0.0094		0.0103		0.0145

						11		0.0000		0.0000		0.0002		0.0022		0.0004		0.0067		0.0055		0.0006

										Rozczepeienie

						20		40		70		140		200		240		280		320

				1		0.0885		0.1919		0.3394		0.7465		1.1282		1.3926		1.6591		1.9266

				3		0.0000		0.0004		0.0091		0.0362		0.0836		0.1267		0.1672		0.2025

				5		0.0000		0.0003		0.0039		0.0087		0.0008		0.0037		0.0077		0.0207

				7		0.0000		0.0003		0.0009		0.0050		0.0065		0.0066		0.0067		0.0121

				9		0.0000		0.0003		0.0009		0.0028		0.0028		0.0037		0.0096		0.0105

				11		0.0000		0.0002		0.0005		0.0047		0.0037		0.0046		0.0032		0.0071

						20		40		70		140		200		240		280		320

				1		-0.4265		-0.4265		-0.4105		-0.3413		-0.2861		-0.2517		-0.2228		-0.1919

				3		-		-0.0259		-0.4313		-0.9444		-0.5973		-0.4391		-0.3008		-0.1869

				5		-		0.0842		1.3865		1.4620		-0.2008		-0.9719		0.6094		1.2997

				7		-		0.1353		1.2256		-1.5276		0.1898		0.7219		-0.8286		0.0834

				9		-		0.1692		0.2847		-1.4372		0.7879		-1.3745		-0.8127		-0.0962

				11		-		0.2111		-0.2488		-0.3948		0.5580		0.5390		-1.0343		0.7437

				Różnica

				20		40		70		140		200		240		280		320

		1		0.0000		0.0166		0.0317		0.0524		0.0495		0.0446		0.0409		0.0379

		3		0.0000		0.0003		0.0036		0.0132		0.0091		0.0141		0.0146		0.0265

		5		0.0000		0.0001		0.0013		0.0035		0.0206		0.0192		0.0149		0.0268

		7		0.0000		0.0000		0.0008		0.0037		0.0047		0.0104		0.0182		0.0033

		9		0.0000		0.0001		0.0006		0.0020		0.0023		0.0072		0.0053		0.0035

		11		0.0000		0.0000		0.0002		0.0019		0.0011		0.0035		0.0067		0.0025

		Tendencje zmian harmonicznych

								1 harmon

								40		70		140		200		240		280		320

						normalna		0.1755		0.3116		0.7026		1.0948		1.3637		1.6334		1.9621

						zwarcie		0.1753		0.3077		0.6941		1.0787		1.3480		1.6182		1.8887

						rozczepienie		0.1919		0.3394		0.7465		1.1282		1.3926		1.6591		1.9266

								3 harmon

								40		70		140		200		240		280		320

						normalna		0.0007		0.0055		0.0230		0.0927		0.1408		0.1818		0.1760

						zwarcie		0.0007		0.0037		0.0251		0.0846		0.1386		0.1868		0.2276

						rozczepienie		0.0004		0.0091		0.0362		0.0836		0.1267		0.1672		0.2025

								5 harmon

								40		70		140		200		240		280		320

						normalna		0.0004		0.0260		0.0052		0.0214		0.0229		0.0226		0.0475

						zwarcie		0.0004		0.0006		0.0059		0.0306		0.0372		0.0519		0.0520

						rozczepienie		0.0003		0.0039		0.0087		0.0008		0.0037		0.0077		0.0207

								7 harmon

								40		70		140		200		240		280		320

						normalna		0.0003		0.0001		0.0013		0.0112		0.0170		0.0249		0.0088

						zwarcie		0.0003		0.0018		0.0050		0.0202		0.0415		0.0426		0.0257

						rozczepienie		0.0003		0.0009		0.0050		0.0065		0.0066		0.0067		0.0121

								9 harmon

								40		70		140		200		240		280		320

						normalna		0.0002		0.0003		0.0008		0.0051		0.0109		0.0149		0.0140

						zwarcie		0.0003		0.0005		0.0007		0.0133		0.0203		0.0252		0.0285

						rozczepienie		0.0003		0.0009		0.0028		0.0028		0.0037		0.0096		0.0105

								11 harmon

								40		70		140		200		240		280		320

						normalna		0.0002		0.0007		0.0028		0.0048		0.0081		0.0099		0.0096

						zwarcie		0.0002		0.0009		0.0006		0.0052		0.0137		0.0154		0.0090

						rozczepienie		0.0002		0.0005		0.0047		0.0037		0.0046		0.0032		0.0071

						Potwierdzenie powyższych wyników na obiekcie

								normal						delta F

						0.475		0.575		1.031		1.820

				1		0.0093		0.0109		0.0160		0.0221						0.475		0.575		1.030		1.820		2.950

				3		0.0008		0.0007		0.0020		0.0028				1		0.0030		0.0070		0.0210		0.0440		0.0770

				5		0.0000		0.0001		0.0004		0.0007				3		0.0000		0.0040		0.0065		0.0120		0.0215

																5		0.0005		0.0005		0.0007		0.0050		0.0080

								zwarty

						0.475		0.575		1.031		1.820

				1		0.0089		0.0100		0.0150		0.0201

				3		0.0008		0.0011		0.0029		0.0039

				5		0.0001		0.0002		0.0007		0.0013

								1 harmoniczna

						0.475		0.575		1.030		1.820		2.950

						0.1750		0.2000		0.3110		0.4140		0.5850

						0.1780		0.2070		0.3320		0.4580		0.6620

								\

								3 harmoniczna

						0.475		0.575		1.030		1.820		2.950

						0.0160		0.0200		0.0400		0.0660		0.0935

						0.0160		0.0240		0.0465		0.0780		0.1150

								5 harmoniczna

						0.475		0.575		1.031		1.820

				normalna		0.0000		0.0001		0.0004		0.0007

				zwarcie		0.0001		0.0002		0.0007		0.0013





Arkusz1

		1		1		1		1		1		1		1		1



Um = 20 V

Um = 40 V

Um = 70 V

Um = 140 V

Um = 200 V

Um = 240 V

Um = 280 V

Um = 320 V

k

Fk [A]

1

1

1

1

1

1

1

1



Arkusz2

		



Um = 20 V

Um = 40 V

Um = 70 V

Um = 140 V

Um = 200 V

Um = 240 V

Um = 280 V

Um = 320 V

k

Fk [A]



Arkusz3

		



Um [V]

k

Um [V]

k

k=1

k=3

k=5

k=7

k=9

k=11

Um [V]

DFk [V]

Um [V]

k

Yk

k

Um =20 V

Um = 40 V

Um = 70 V

Um = 140 V

Um = 200 V

Um = 240 V

Um = 280 V

Um = 320 V

k

Fk [V]

Um = 20 V

Um = 40 V

Um = 70 V

Um = 140 V

Um = 200 V

Um = 240 V

Um = 280 V

Um = 320 V

k

Yk



		



k

k=1

k=3

k=5

k=7

k=9

k=11

Um [V]

Um [V]

F3 [V]



		



Um [V]

F5 [V]



		



Um [V]

F1 [V]



		



Um [V]

F7 [V]



		



Um [V]

F9 [V]



		



normalny

zwarcie

rozczepienie

Um [V]

F11 [V]



		



normalny

zwarcie

rozczepienie

Um [V]

F11 [V]



		



Um [V]

F5 [V]



		



Um [V]

M1 [V]



		



Um [V]

M3 [V]



		



k=1

k=3

k=5

Um [V]

DMk [V]



		FAZY		normal

				20		40		70		140		200		240		280		320

		1		-0.3781		-0.3873		-0.3790		-0.3426		-0.2854		-0.2497		-0.2206		-0.1705

		3		-		-0.0249		-0.3950		-1.2447		-0.9322		-0.6840		-0.4985		-0.3207

		5		-		0.0762		1.3286		-1.1084		0.8970		-1.3671		-0.3693		0.9249

		7		-		0.1162		0.8511		1.1629		0.5517		-1.2241		-0.3115		1.5461

		9		-		0.1635		0.5437		-1.3309		-0.1659		-1.3509		-0.2287		0.8478

		11		-		0.1876		-0.2193		-0.2163		-0.2567		1.4819		-0.0326		-0.0968

		Zwarty

				20		40		70		140		200		240		280		320

		1		-0.3781		-0.3781		-0.3775		-0.3396		-0.2990		-0.2614		-0.2279		-0.2015

		3		-		-1.1536		-0.1287		-1.0267		-1.1755		-0.7764		-0.4872		-0.3235

		5		-		-1.4863		-0.9257		-1.3460		0.4743		-1.1396		-0.2320		0.2604

		7		-		1.4645		0.7863		0.9023		0.6829		-1.0568		-0.2007		0.5935

		9		-		1.3363		-0.6996		-0.8523		0.2835		-0.9187		0.7029		-1.3297

		11		-		1.2589		-1.1776		-0.7312		-1.0802		-0.6439		0.9147		-0.5274

		Różnice amplitud

				20		40		70		140		200		240		280		320

		1		-0.3781		-0.3781		-0.3775		-0.3396		-0.2990		-0.2614		-0.2279		-0.2015

		3		-		-1.1536		-0.1287		-1.0267		-1.1755		-0.7764		-0.4872		-0.3235

		5		-		-1.4863		-0.9257		-1.3460		0.4743		-1.1396		-0.2320		0.2604

		7		-		1.4645		0.7863		0.9023		0.6829		-1.0568		-0.2007		0.5935

		9		-		1.3363		-0.6996		-0.8523		0.2835		-0.9187		0.7029		-1.3297

		11		-		1.2589		-1.1776		-0.7312		-1.0802		-0.6439		0.9147		-0.5274
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Arkusz1

		

						Porównanie przebiegów pradu dławika 18 blach oraz jego modelu

						F1 [V]		Y1				dF1		dY1

				model		0.0426		-0.0489				5.71%		7.95%								model

				pomiar		0.0403		-0.0453														pomiar

				Amplitude		M1 [V]		M3 [V]		M5 [V]		M7 [V]		M9 [V]		M11 [V]		M13 [V]

				model		0.1456		0.0281		0.0089		0.0055		0.0031		0.0018		0.0007

				object		0.1360		0.0301		0.0085		0.0052		0.0029		0.0019		0.0007

				error dMk		7.06%		6.64%		4.71%		5.70%		6.90%		5.20%		0.00%

						fazy

				FAZY		Y1		Y3		Y5		Y7		Y9		Y11		Y13

				model		-0.1267		1.3451		-1.5060		1.1200		1.0650		0.8551		0.5562

				pomiar		-0.1283		1.3445		-1.5077		1.1219		1.0657		0.8543		0.5554

				błąd dYk		1.25%		0.04%		0.11%		0.17%		0.06%		0.09%		0.04%
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