
UNIT I 

SYNCHRONOUS RELUCTANCE MOTORS      

                                                                         

Constructional features – Types – Axial and Radial flux motors – Operating principles – 

Variable Reluctance and Hybrid Motors – SYNREL Motors – Voltage and Torque Equations - 

Phasor diagram - Characteristics. 

 

Constructional features 

They have several useful properties, including:  

(1) combined reluctance and magnet alignment torque;  

(2) field-weakening capability;  

(3) under-excited operation for most load conditions;  

(4) high inductance;  

(5) high speed capability; and  

     (6) high temperature capability. 

The synchronous reluctance motor is completely free of magnets and their operational problems. 

It is inexpensive to make, and can operate at extremely high speeds and at higher temperatures 

than PM motors. However, its power factor and efficiency are not as high as those of a PM 

motor, and the converter kVA requirement is higher. The synchronous reluctance motor offers 

many of the advantages of the switched reluctance motor discussed in Chapter 7, but with the 

two added advantages that it can operate from essentially standard p.w.m. a.c. inverters and has 

lower torque ripple. It can also be built with a standard induction-motor stator and winding. 

 

Types – Axial and Radial flux motors 

Rotors  

Figures 1.1 to 1.4 show a variety of rotors and components, including both solid-steel and 

laminated versions. The motors in Figs 6.1 and 6.2 are both cageless, Fig 6.3 shows a line-start 

motor with slots for a cast aluminium starting cage, and Fig. 6.4 an unusual brushless 

synchronous motor that can be excited either by magnets or field windings located in the rotor 

extensions.  

Figure1.1 shows the two basic configurations of'interior magnet' motors, although several 

others are used. In Fig. 6.1 (a) (Jahns et al., 1986) the magnets are alternately poled and radially 

magnetized, but because the magnet pole area is smaller than the pole area at the rotor surface, 

the airgap flux-density 
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FIG. 1.1. Cross-sections of cageless PM/synchronous reluctance hybrid motors, (a) 

Four-pole radially magnetized. Without the magnets, this motor is a pure synchronous 

reluctance motor, (b) Six-pole circumferentially magnetized. This arrangement is 

known as a 'flux-concentrating' design because the magnet pole area exceeds the pole 

area at the airgap, producing an airgap flux-density higher than that in the magnet. 

The stators of these motors are essentially the same as for the polyphase induction 

motor. on open- 

on open-circuit is less than the flux-density in the magnet; this design is therefore 

essentially 'underexcited' and relies on the addition of a magnetizing component of armature 

current to produce the total airgap flux. Because there is an appreciable permeance to q-axis flux 

and a low permeance to d-axis armature-reaction flux, this machine has considerable reluctance 

torque and field-weakening capability, providing a constant-power characteristic at high speeds. 

The machine was developed in this form by Jahns, Kliman, and Neumann (1986). It is a true a.c. 

motor and cannot be operated as a square-wave brushless motor. This follows from the 

combination of magnet-alignment and reluctance torques. Both of these torque components can 

be kept constant only with a fixed load angle, and this requires a rotating field of the type that is 

possible only with sine-distributed windings and sinusoidal phase currents. 

The magnets in Fig. 1.1(b) are circumferentially magnetized and alternately poled, so that 

two magnets communicate flux to each pole piece; the sum of two magnet pole areas exceeds the 

pole area at the rotor surface, producing an open-circuit airgap flux-density greater than that in 

the magnet. For this reason the term 'flux-concentrating' or 'flux-focusing' is sometimes used to 

describe it. A nonmagnetic shaft or spacer is needed to prevent the magnets " from being short-

circuited at their inner edges, and with this the permeanee to q-axis flux is very low. This 

machine therefore has little reluctance torque. Correspondingly the field-weakening capability is 

limited and so is the speed 

 

 

 

FIG. 1.2. Components of PM/reluctance hybrid motor showing the wound stator, 

partially assembled rotors, laminations, and permanent magnets. The 'smartpower' 

integrated circuit at bottom right contains all the power electronics needed to run this 

motor at 40 W from a 60 V d.c. supply. Courtesy Scottish Power Electronics and Electric 

Drives, Glasgow University; General Electric; and the Science and Engineering Research 

Council. 
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FIG. 1.3. Line-start synchronous reluctance motor rotor. Courtesy Professor P. J. 

Lawrenson, Switched Reluctance Drives Ltd. 

 

FIG. 6.4. Hybrid PM/electrically excited motor with salient poles. This brushless 

synchronous machine can be excited either by magnets or field windings projecting into the 

rotor extensions. Courtesy Magnetics Research International, Iowa, USA. 

 

 

range at constant power. It can be operated very well as a brushless d.c. motor with 

square-wave excitation, and in this form it is not a true hybrid motor. Apart from the calculation 

of its magnetic circuit, its features are similar to those of the motors 

Operating principles 

when there is no torque; all the flux is q-axis flux at no-load, and there is no d-axis flux. 

The d-axis in the reluctance motor is taken to be the same as in the PM motor. This is contrary to 

the convention adopted in some early reluctance-motor analysis, in which the d-axis and q-axis 

were interchanged. With the convention used here it is usually the case that 

 

 

 

which is the opposite of the situation in wound-field synchronous machines.  

The use of a one-piece lamination requires compromises in the design. The section 

linking the pole pieces must be wide enough to support them and the magnets against the 

centrifugal load, but narrow enough to limit its" participation in the magnetic circuit, which is 

undesirable in bothTTfie'" reluctance and PM versions. If it is too thin, the lamination is flimsy 

and easily damaged. A cast cage winding, or even a fabricated one, may help to relieve 
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some of the mechanical constraints on the lamination design, but a cage winding may not 

be desired. The rotor is amenable to fabrication from solid steel parts with no connecting links 

between the poles; instead, the pole pieces are held on by end-caps at each end of the rotor. (This 

construction is not shown.) The rotors in Fig. 1.2 were machined by wire-EDM (electro-

discharge machining). This technique is too expensive for mass-production but very convenient 

for small quantities. 

Voltage and Torque Equations 

The stator and rotor steel is assumed to be infinitely permeable everywhere except in the 

link sections between the pole pieces. This permits the surfaces to be represented by 

equipotentials. The q-axes are also equipotentials, by symmetry. Figure 1.5(a) therefore defines 

a model in which there are only two boundary potentials, u0 and ul. The potential function here 

is magnetic potential, and its units are amperes (or ampere-turns). The link sections are assumed 

to saturate at a flux-density Bs. On open-circuit the flux through them is leakage flux that 

follows a closed path through the rotor and does not cross the airgap. The equipotentials are 

assumed not to be distorted by this leakage flux.  

We can arbitrarily assign one of the two potentials to be zero, because the fluxes of 

interest depend on potential differences, not on absolute potential 

 

 

 

 

FIG. 1.5 (a) Calculation of open-circuit flux-density due to the magnets, showing the 

assumed magnetic potential boundaries, (b) Distribution of magnet flux in the airgap 

across one pole, (c) Magnet equivalent circuit. 

Now the open-circuit e.m.f. per phase can be determined exactly as in Chapter 5. For a 

practical winding with Nph series turns per phase and a winding factor kwl, the result is 

 

This equation can also be expressed in the form 

 

www.rejinpaul.com



where 

 

Phasor diagram 

6.3 Steady-state phasor diagram  

The steady-state phasor diagram can be constructed in the same way as for the non-salient-pole 

PM motor in Section 5.3. The open-circuit phase e.m.f. is  

EPh =jEq=jcoV Mdl  

where the subscript Mdl indicates that the flux-linkage is due to the fundamental space-

harmonic component of d-axis flux produced by the magnet. In the pure reluctance motor,  

£q = 0  

but there is a d-axis e.m.f. associated with the combined web and link flux: 

 

The reactive voltage drops due to armature reaction are constructed as in Fig. 5.5 but with 

different Xd and Xq. The resulting phasor diagram, Fig. 6.8, is described by the two equations 

 

 

 
armature current in the d-axis. (c) Reluctance motor 
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UNIT II 

STEPPING MOTORS        

                                                                                                                

Constructional features – Principle of operation – Variable reluctance motor – Hybrid motor – 

Single and multi stack configurations – Torque equations – Modes of excitations – 

Characteristics – Drive circuits – Microprocessor control of stepping motors – Closed loop 

control. 

 

Constructional features 

1.1 Introduction 

The essential property of the stepping motor is its ability to translate switched excitation 

changes into precisely defined increments of rotor position (‘steps’). Stepping motors are 

categorised as doubly salient machines, which means that they have teeth of magnetically 

permeable material on both the stationary part (the ‘stator’) and the rotating part (the ‘rotor’). A 

cross-section of a small part of a stepping motor is shown schematically in Fig. 1.1. Magnetic 

flux crosses the small airgap between teeth on the two parts of the motor. According to the type 

of motor, the source of flux may be a permanent-magnet or a current-carrying winding or a 

combination of the two.However, the effect is the same: the teeth experience equal and opposite 

forces, which attempt to pull them together and minimise the airgap between them. As the 

diagram shows, the major component of these forces, the normal force (n), is attempting to close 

the airgap, but for electric motors the more useful force component is the smaller tangential force 

(t ), which is attempting to move the teeth sideways with respect to each other. As soon as the 

flux passing between the teeth is removed, or diverted to other sets of teeth, the forces of 

attraction decrease to zero.The following sections explain how this very simple principle is put to 

work in practical stepping motor devices. Most stepping motors can be identified as variations on 

the two basic types: variable-reluctance or hybrid. For the hybrid motor the main source of 

magnetic flux is a permanent magnet, and dc currents flowing in one or more variable-reluctance 

stepping motor, but in both cases the magnetic field is produced solely by the winding currents. 

 
Figure 1.1 Force components between two magnetically permeable teeth 

 

1.2 Multi-stack variable-reluctance stepping motors 

 

In the variable-reluctance stepping motor the source of magnetic flux is currentcarrying windings 

placed on the stator teeth. These windings are excited in sequence to encourage alignment of 

successive sets of stator and rotor teeth, giving the motor its characteristic stepping action. 

 

1.2.1 Principles of operation 

 

The multi-stack variable-reluctance stepping motor is divided along its axial length into 

magnetically isolated sections (‘stacks’), each of which can be excited by a separate winding 

(‘phase’). In the cutaway view of Fig. 1.2, for example, the motor has three stacks and three 

phases, but motors with up to seven stacks and phases have been manufactured. Each stack 

includes a stator, held in position by the outer casing of the motor and carrying the motor 

windings, and a rotating element. The rotor elements are fabricated as a single unit, which is 
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supported at each end of the machine by bearings and includes a projecting shaft for the 

connection of external loads, as shown in Fig. 1.3a. Both stator and rotor are constructed from 

electrical steel, which is usually laminated so that magnetic fields within the motor can change 

rapidly without causing excessive eddy current losses. The stator of each stack has a number of 

poles – Fig. 1.3b shows an example with four poles – and a part of the phase winding is wound 

around each pole to produce a radial magnetic field in the pole. Adjacent poles are wound in the 

opposite sense, so that the radial magnetic fields in adjacent poles are in opposite directions. The 

complete magnetic circuit for each stack is from one stator pole, across the airgap into the rotor, 

through the rotor, across the airgap into an adjacent pole, through this pole, returning to the 

original pole via a closing section, called the ‘back-iron’. This magnetic circuit is repeated for 

each pair of poles, and therefore in the example of Fig. 1.3b there are four main flux paths. The 

normal forces of attraction 

 
Figure 1.2 Cutaway view of a three-stack variable-reductance stepping motor 

(Photograph by Warner Electric Inc., USA) 

 

between the four sets of stator and rotor teeth cancel each other, so the resultant force 

between the rotor and stator arises only from the tangential forces. The position of the rotor 

relative to the stator in a particular stack is curately defined whenever the phase winding is 

excited. Positional accuracy is achieved by means of the equal  umbers of teeth on the stator and 

rotor, which tend to align so as to reduce the reluctance of the stack magnetic circuit. In the 

position where the stator and rotor teeth are fully aligned the circuit reluctance is minimised and 

the magnetic flux in the stack is at its maximum value. The stepping motor shown in Fig. 1.3b 

has eight stator/rotor teeth and is in the position corresponding to excitation of stack A. Looking 

along the axial length of the motor the rotor teeth in each stack are aligned, whereas the stator 

teeth have different relative orientations between stacks, so in stacks B and C the stator and rotor 

teeth are partially misaligned. The effect of changing the excitation from stack A to stack B is to 

produce alignment of the stator and rotor teeth in stack B. This new alignment is made possible 

by a movement of the rotor in the clockwise direction; the motor moves one ‘step’ as a result of 

the excitation change. Another step in the clockwise direction 
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Figure 1.3 a Cross-section of a three-stack variable-reluctance stepping motor parallel to 

the shaft b Cross-sections of a three-stack variable-reluctance stepping motor 

perpendicular to the shaft 

 

can be produced by removing the excitation of stack B and exciting stack C. The final step of the 

sequence is to return the excitation to stack A. Again the stator and rotor teeth in stackAare fully 

aligned, except that the rotor has moved one rotor tooth pitch, which is the angle between 

adjacent rotor teeth defined in Fig. 1.3b. Therefore in this 

three-stack motor three changes of excitation cause a rotor movement of three steps or one rotor 

tooth pitch. Continuous clockwise rotation can be produced by repeating the excitation sequence: 

A, B, C, A, B, C, A, . . . . Alternatively anticlockwise rotation results from the sequence: A, C, B, 

A, C, B, A, . . . . If bidirectional operation is 

required from a multi-stack motor it must have at least three stacks so that two distinct excitation 

sequences are available. There is a simple relationship between the numbers of stator/rotor teeth, 

number of stacks and the step length for a multi-stack variable-reluctance motor. If the motor has 

N stacks (and phases) the basic excitation sequence consists of each stack being excited in turn, 

producing a total rotor movement ofN steps. The same stack is excited at the beginning and end 

of the sequence and if the stator and rotor teeth are aligned in this stack the rotor has moved one 

tooth pitch. Since one tooth pitch is equal to (360/p) ◦, where p is the number of rotor teeth, the 

distance moved for one change of excitation is 

 

step length = (360/Np) 

 

The motor illustrated in Fig. 1.3 has three stacks and eight rotor teeth, so the step length is 15◦. 

For the multi-stack variable-reluctance stepping motor typical step lengths are in the range 2–

15◦.Successful multi-stack designs are often produced with additional stacks, so that the user has 

a choice of step length; for example, a three-stack, 16 rotor tooth motor gives a step of 7.5◦ and 

by introducing an extra stack (together with reorientation of the other stacks) a 5.625◦ step is 

available. Although the use of higher stack numbers is a great convenience to the manufacturer, 

it must be remembered that more phase windings require more drive circuits, so the user has to 

pay a penalty in terms of drive circuit cost. Furthermore it can be shown (Acarnley et al., 1979) 

that motors with higher stack numbers have no real performance advantages over a three-stack 

motor. 

 

1.3 Single-stack variable-reluctance stepping motors 

 

As its name implies, this motor is constructed as a single unit and therefore its 

crosssection parallel to the shaft is similar to one stack of the motor illustrated in Figs 1.2 and 

1.3. However, the cross-section perpendicular to the shaft, shown in Fig. 1.5, reveals the 

differences between the single- and multi-stack types. Considering the stator arrangement we see 

that the stator teeth extend from the stator/rotor airgap to the back-iron. Each tooth has a separate 

winding which produces a radial magnetic field when excited by a dc current. The motor of Fig. 

1.5 has six stator teeth and the windings on opposite teeth are connected together to form one 

phase. There are therefore three phases in this machine, the minimum number required to 

produce rotation in either direction.Windings on opposite stator teeth are in opposing senses, so 

that the radial magnetic field in one tooth is directed towards the airgap whereas in the other 

tooth the field is directed away from the airgap. For one phase excited the main flux path is from 

one stator tooth, across the airgap into a rotor tooth, directly across the rotor to another rotor 

tooth/airgap/stator tooth combination and returning via the back-iron. However, it is possible for 

a small proportion of the flux to ‘leak’ via unexcited stator teeth. These secondary flux paths 

produce mutual coupling between the phase windings of the single-stack stepping motor. The 

most striking feature of the rotor is that it has a different number of teeth to the stator: the 

example of Fig. 1.5 has four rotor teeth. With one phase excited only two of the rotor teeth carry 
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the main flux, but note that the other pair of rotor teeth lie adjacent to the unexcited stator teeth. 

If the phase excitation is changed it is 

 
Figure 1.5 Cross-section of a single-stack variable-reluctance stepping motor perpendicular 

to the shaft 

- - - flux paths for phase A excited 

 

this other pair of rotor teeth which align with the newly excited stator teeth. Fig. 1.5 shows the 

rotor position with phase A excited, the rotor having adopted a position which minimises the 

main flux path reluctance. If the excitation is now transferred to phase B the rotor takes a step in 

the anticlockwise direction and the opposite pair of rotor teeth are aligned with the phase B stator 

teeth. Excitation of phase C produces another anticlockwise step, so for continuous anticlockwise 

rotation the excitation sequence is A, B, C, A, B, C, A, . . . . Similarly, clockwise rotation can be 

produced using the excitation sequence A, C, B, A, C, B, A, . . . . It is interesting to find that, in 

the motor illustrated, the rotor movement is in the opposite direction to the stepped rotation of 

the stator magnetic field. The step length can be simply expressed in terms of the numbers of 

phases and rotor teeth. For an N-phase, motor excitation of each phase in sequence produces N 

steps of rotor motion and at the end of these N steps excitation returns to the original set of stator 

teeth. The rotor teeth are once again aligned with these stator teeth, except that the rotor has 

moved a rotor tooth pitch. For a machine with p rotor teeth the tooth pitch is (360/p) 

◦ corresponding to a movement of N steps, so step length = (360/Np) 

◦ (1.2) 

In the example of Fig. 1.5 there are three phases and four rotor teeth, giving a step length of 30◦. 

The number of stator teeth is restricted by the numbers of phases and rotor teeth. 

Each phase is distributed over several stator teeth and, since there must be as many stator teeth 

directing flux towards the rotor as away from it, the number of stator teeth has to be an even 

multiple of the number of phases, e.g. in a three-phase motor there can be 6, 12, 18, 24, . . . stator 

teeth. In addition, for satisfactory stepping action, the number of stator teeth must be near (but 

not equal) to the number of rotor teeth; for example, a three-phase, 15◦ step length motor is 

constructed with 8 rotor teeth and usually has 12 stator teeth. 

1.4 Hybrid stepping motors 

The hybrid stepping motor has a doubly salient structure, but the magnetic circuit is excited by a 

combination of windings and permanent magnet. Windings are placed on poles on the stator and 

a permanent magnet is mounted on the rotor. The main flux path for the magnet flux, shown in 

Fig. 1.6, lies from the magnet N-pole, into a soft-iron end-cap, radially through the end-cap, 

across the airgap, through the stator poles of section X, axially along the stator back-iron, through 

the stator poles of section Y , across the airgap and back to the magnet S-pole via the end-cap. 

There are typically eight stator poles, as in Fig. 1.6, and each pole has between two and six teeth. 

The stator poles are also provided with windings, which are used to encourage or discourage the 

flow of magnet flux through certain poles according to the rotor position required. Two windings 

are provided and each winding (phase) is situated on four of the eight stator poles: winding A is 

placed on poles 1, 3, 5, 7 
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Torque speed characteristics 
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UNIT III     

SWITCHED RELUCTANCE MOTORS    

 

Constructional features – Rotary and Linear SRMs - Principle of operation – Torque production 

– Steady state performance prediction- Analytical method -Power Converters and their 

controllers – Methods of Rotor position sensing – Sensorless operation – Closed loop control of 

SRM - Characteristics. 
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UNIT IV    

PERMANENT MAGNET BRUSHLESS D.C. MOTORS   

 

Permanent Magnet materials – Magnetic Characteristics – Permeance coefficient -Principle of 

operation – Types – Magnetic circuit analysis – EMF and torque equations –Commutation – 

Power controllers – Motor characteristics and control. 
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UNIT V   

  PERMANENT MAGNET SYNCHRONOUS MOTORS    

 
Principle of operation – Ideal PMSM – EMF and Torque equations – Armature reaction MMF – 

Synchronous Reactance – Sinewave motor with practical windings - Phasor diagram – 

Torque/speed characteristics - Power controllers - Converter Volt-ampere requirements. 
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