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CHAPTER



FUNDAMENTAL



II



PRINCIPLES



1. The Electromagnetic Machine. At voltages that can be developed and used by normal means, the electrostatic forces are very weak. On the other hand, even with comparatively small currents a considerable mechanical force can be produced by electromagnetic means; in consequence the machines in common use as generators and motors are electromagnetic in type. Only in very high-voltage generators and transformers have the electrostatic field and its effects to be considered as regards their secondary influences on the operating characteristics, apart, of course, from the question of insulation. 2. Induction and Interaction. There are two related principles forming the foundations upon which are based all electromagnetic machines concerned in the conversion of electrical energy to or from mechanical energy. These are (a) the law of induction and (b) the law of interaction. (I) LAW OF INDUCTION The essentials for the production of an electromotive force are electric and magnetic circuits, mutually interlinked. The summation of the products of webers of magnetic induction with complete turns of the circuit is termed the total flux-linkage: if it is made to change, an e.m.f. is induced in the electric circuit. This e.m.f. persists only while the change is taking place, and has a magnitude proportional to the rate of the change with time. The instantaneous e.m.f. is



e



= - (dN/dt)



volts



with the linkage N in weber-turns. The e.m.f. has a direction such as to oppose the change. Thus if the electric circuit were closed on itself, and the number of line-linkages formed by it and some externally-produced magnetic field were reduced, then the e.m.f. induced would produce a current in the closed circuit, generating a self-magnetic field superimposed upon the external field and tending to make up the deficiency. For engineering purposes the induction law is generally used in the simplified forme = - To(dfJ>/dt) volts .



.



(I)



Here To is the number of turns in the electric circuit, all of which are linked completely with all the webers of induction of a given flux. For this purpose a gross flux may be resolved into (i) a mutual or working component, and (ii) a leakage component. The electromagnetic method of producing an e.m.f. in a circuit 6



FUNDAMENTAL



PRINOIPLES



7



(in order that the e.m.f, shall produce a current and thus enable electrical energy to be delivered) is therefore to provide a magnetic field linked with an electric circuit, and to change the number of line-linkages N = T/P. Considering for simplicity that the electric circuit comprises a coil of Tc turns, then the change of line-linkages .may be accomplished in a variety of ways. (i) Supposing the flux constant in value, the coil may move through the flux (relative motion of flux and coil) ; (ii) Supposing the coil stationary with reference to the flux, the flux may vary in magnitude (flux pulsation) ; (ill) Both changes may occur together; i.e. the coil may move through a varying flux. In case (i) above the flux-cutting rule can be applied. The e.m.f. in a single conductor of length l m. can be calculated from the Field due to current
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INTERACTION



rate at which it cuts across a magnetic field of density B webers per m.2 when moving at u m. per sec. at right-angles to the direction of the flux. e = Blu volts (2) This is referred to as the e.m.J. of rotation. It is always associated with the conversion of energy between the mechanical and electrical forms. The e.m.f. in a coil in case (ii) is found directly from eq. (1) as the e.m.f. of pulsation or transformation. No motion is involved and there is no energy conversion. For case (ill) both e.m.f.'s are produced: this case is treated generally in Chapter XXVI. (2) LAw OF INTERACTION.When a conductor of length l m., carrying a current i amperes, lies in and perpendicular to the direction of a magnetic field of density B webers per m.", a mechanical force is developed on it of magnitude



f



= Bli newtons



.



(3)



in a direction perpendicular to both current and field. In the diagram (a) of Fig. 3, B represents the density of an original magnetic field. The introduction of a conductor carrying a current
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brings at the same time a new magnetic field. The original, field _ andthe conductor field combine to form a resultant field (Fig. 3 (b)). The field density actually existing round the conductor is not B. It is greater than B on one side and less on the other. The distortion is an essential feature in the production of mechanical force. GENERATORS ANDMOTORS.In a generator, an e.m.f. is produced by the movement of a coil in a magnetic field. The current produced by the e.m.f. interacts with the field to produce a mechanical force opposing the movement, and against which the essential movement has to be maintained. The electrical power ei is produced therefore from the mechanical power supplied. In a motor, we may suppose a conductor or coil to lie in a magnetic field. If current is supplied to the coil. a mechanical force is manifested and due to this force the coil will move. Immediately that relative movement takes place between coil and field, however, an e.m.f. is induced, in opposition to the current. To maintain the current and the associated motor action, it is therefore necessary to apply to the coil, from an external source, a voltage sufficient to overcome the induced e.m.f. Thus the motor requires electrical power to produce a corresponding amount of mechanical power. . . The directions of flux, current and movement in generator and motor action are given in Fig. 4. The coil is free to move about the axis O. The component fields are shown, the direction of the mechanical force, and the directions of rotation for motor and generator action. The direcl' tion of the e.m.f. is ~ such as to maintain the i e Gent:' Motor e current in a generator and to oppose it in a FIG. 4. ELEMENTARY ELECTROMAGNETIC MACHINE motor. The action is reversible: i.e. the same arrangement may act either as generator or motor. TRANSFORMERS. Forces are developed in the transformer but are not allowed to produce movement. Consequently there is no concern with mechanical power, and only transformer e.m.f.'s are generated. 3. Classification. The principles of § 2 are applied as in Fig. 5. (a) Rotary Machines. Two magnetic elements Fig. 5 (a), one fixed (stator) and the other (rotor) capable of relative rotation, are separated by a narrow annular gap. The stator is usually the outer element for mechanical convenience. Each element carries one or more windings, and a mutual magnetic flux crosses the gap to link them. Rotor rotation results in e.m.f. induction and in electromechanical power conversion through interaction torques. c
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(b) Transformers. The induction-regulator transformer, in which the relative position of the elements has to be adjustable, is identical with (a). For the normal static transformer the gap is not necessary, so the flux is established in a closed magnetic circuit, Fig. 5 (b). In spite of constructional variety, the electrical differences Stator
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between the several types of machine are only secondary, and result from(i) the kind of power system, d.c. or a.c., on which the machine is to work; and (ii) the kind of connections made between the windings and the power system: i.e. tapped phase windings or commutators with brushes. The following combinations are considered in detail in Chapter
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Case



A B C D E F



I



Flux



Coils



Constant Constant Pulsating Pulsating Pulsating Pulsating



Moving Moving Fixed Fixed Moving Moving
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Connections



Commutator Tappings Commutator Tappings Commutator Tappings



I



MAOHINES



Type-name



D.C. machine Synchronous machine Transverter Transformer, regulator A.C. commutator machine Induction machine



This book is devoted to cases B, D and F: none has a commutator. Static transformers are treated first, then a general discussion of rotating machines in Chapter VIII to precede a more detailed examination of cases F and B. 4. Three-phase Complexor Diagram. The working flux in an a.c machine results from a current I representing the combined m.m.f.'s of all windings linking the magnetic circuit. The e.m.f. E generated .in a winding in which varies sinusoidally lags 90° on and I. The complexor relationship is the same as that of I, and Eo; in Fig.2A.



lO



DESIGN OF ALTERNATING



CURRENT



MACHINES



For three-phase machines under steady, balanced conditions the complexor diagram is drawn with the voltage and current of phase A, but with the flux m common to all phases. Consider phase A on no load when the axis of m passes the phase-centre: this is the instant of zero linkages and of maximum induced e.m.f. Ea. It is reasonable to' draw 011 along the pole-axis; and to preserve the time-quadrature relation, Ea must be drawn at right-angles (lagging) to m' as shown in Fig. 6. Thus for this instant Ea lies in the E
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FIG.
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CONVENTION



FOR



THREE-PHASE



MACHINE



m.m.f. axis of phase A. Peak current Ia' if in phase with peak e.m.f. Ea, must then also be drawn in the axis of phase A. As shown by the dots and crosses, this will be the instantaneous m.m.f. axis of _ the whole armature. The conductors of phase A produce interaction torque with m corresponding to the power EaIa. Thus the flux is coincident with the pole axis on no load, or with _ the axis of resultant m.m.f., on load. Ea lags 90° on m' and the current Ia has the direction of the axis of phase A. SYMMETRICALCOMPONENTS.The e.m.f.'s generated by the machine in Fig. 6 have the positive phase-sequence ABC. With unbalanced loading, the asymmetric voltages and currents may be resolved into symmetrical components with positive, negative and zero phase-sequence. The behaviour of machines under conditions of unbalance can then be discussed in terms of these symmetrical components.
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