
UNIT-1 

SWITCHED RELUCTANCE MOTOR 

 

Introduction 

A switched reluctance motor (SRM) can be thought of as an equivalent to a variable 

reluctance step motor in closed-loop operation with rotor position feedback. But there are 

many differences between the two, although not of fundamental nature. An SR motor is 

essentially a high-power, high-speed motor meant to drive loads continuously, unlike a 

step motor which is mainly a position control actuator intended to develop a torque with 

low speed. Thus, in an SRM there is no need to go for small step angles, i.e., the effective 

number of poles need not be large. The step angle in an SRM could be 90°, 45°, 30° and 

15°. etc. Because of its large power rating, it is important to improve the ratio of watts to 

VA (the so-called energy conversion efficiency or normally what we call the p.f.) and also 

the power efficiency (the shaft output to the motor input in watts). To improve the p.f. it is 

necessary to switch on and off the phase windings at precise instants of rotor position to 

avoid zero and negative torque production; to improve power efficiency it is necessary to 

feed back the remaining energy in the inductance of the winding to the mains supply rather 

than dissipate it in a freewheeling diode or a diode with a resistor. In step motors, simplicity 

of control takes precedence over energy conversion efficiency and power efficiency. 

Principle of Operation of SRM 

As mentioned in the introduction, an SRM is akin to a VR step motor in closed-loop 

operation. To make things clear, consider again the SR motor with 8 stator poles and 6 

rotor teeth, as shown in Fig. 3.5. The eight stator coils are connected to give 4 phases. In 

an SRM, generally, either one phase, or in some cases two phases are energized at any one 

instant of time. For simplicity, let us assume that the 1 — 1' phase alone is energized for 

considerable time. Then the rotor will occupy the stable position shown in the figure where 

the inductance of phase 1 — 1' is maximum. The rotor is in stable equilibrium since any 

slight displacement of the rotor from this position is followed by the development of an 

electromagnetic torque trying to pull back the rotor to the original position. Now, let us 

assume that the 1 — 1' phase is de-energized and the 2 - 2' switched on. The rotor moves 

to a new stable position which is 15° in the ccw direction. In this position phase 2 has its 

maximum inductance. If we now switch phase 3 and turn off phase 2, the rotor moves 

through another IS3 in the ccw direction. Thus, switching on each new phase and switching 

off the old phase makes the rotor move through a step of ISP in ccw direction. If the phase 

sequence is reversed, i.e., if the phases are switched in the sequence 1-4-3-2-1, the rotor 



will move in cw direction, the step angle being same as before. 

                       The inductance of each phase increases, remains constant, decreases, re-

mains constant, and then increases cyclically depending on the amount of overlap of the 

rotor tooth with the stator pole face of that particular phase. 

 

 

 

 
 

 



 
 

 

 

This can be easily visualized by imagining the rotor to move through 60 and noting the 

amount of overlap between the stator pole and the rotor tooth (Fig. 3.9). Neglecting iron 

saturation and fringing flux, the permeance (and hence inductance) is directly proportional 

to the overlap. Of course, Lmin cannot be zero since there is always some fringing flux, 

overhang and stator tooth-to-tooth leakage. By designing the stator and rotor pole arcs 

suitably and decreasing the air gap to a practical minimum value, we can try to obtain a 

high which gives us the highest possible torque for a given current. Moreover, it is 

necessary to force a current in the winding when the rotor tooth is about to enter the stator 

pole of that winding Hence it is essential to know the precise position of the rotor at any 

instant of time. 

                                     In the ideal operation of an SRM, we try to force the current 

pulses in each phase as long as its inductance is increasing. The current pulse is removed 

when the inductance is either constant or decreasing. Thus the motor is forced to have a 

continuous positive torque at all times. However, such a working of the motor requires an 

ideal current source which is not feasible. Nevertheless, it is possible by advancing the 

turning-on and turning-off of each phase to realize that each phase carries a larger chunk 

of the current during the period when is positive. The current is either small or absent 

during the period when L is decreasing. These aspects will be taken up in detail later. 

From the discussions above, we note that for the successful operation of an SRM, the 

following conditions are to be satisfied: 

(i) The number of stator poles and rotor teeth are even but not equal. The number of phases 



is generally (but not necessarily) equal to half the number of stator poles. 

(ii) The number of rotor teeth should be such that when a phase is energized, there must be 

a strong tendency for the rotor to align with that particular phase, i.e., the inductance 

of that phase must be the maximum for that position of the rotor, and this position 

should be an unstable position when any other phase is energized. So when a second 

phase is energized and the first phase switched off, the rotor moves to a new stable 

position. If Ns = Nr, this will not happen. However, in addition to |, several other 

combinations can be thought as possible combinations, such as 6/4 and 6/8 etc. 

(iii) The step angle is given by the difference between the rotor tooth-pitch and the 

stator tooth-pitch, i.e., step angle = (1/Ns-1/Nr)3600 

(iv) Sensing of the rotor position is essential to switch on and off each phase at 

appropriate instants. 

(v) Although the windings are sequentially energized with dc currents, the flux pattern 

in the machine rotates in steps causing the flux density at any point in the magnetic 

circuit to change in magnitude and/or direction. Hence the stator and rotor structures 

should be completely laminated. 

If each phase is switched on and off f  times per second, then the speed of the motor is 

                        (f * step angle in deg. * number o f stator phases)/360*60 rpm 

Thus for the 8/6 motor, the step angle is 15°, and to run it at 6000 rpm each phase should 

be switched on and off at a frequency of 600 Hz. 

 

Design Aspects of Stator and Rotor Pole Arcs 
 

                                The operation of an SR motor (like any other reluctance motor) 

depends on the variation of phase inductance which in turn depends on the rotor tooth and 

slot arcs and also on the stator tooth and slot width. The air-gap, of course, should be as 

small as feasible from mechanical considerations 

 

Design of stator and rotor pole arcs in an SR motor 

 

Let βs= stator pole arc; βr = rotor tooth arc 

 

αs=stator slot arc and αr= rotor slot arc 



 

αs+βs=360/Ns 

αr+βr=360/Nr 

 

where Ns and Nr represent the stator projections and rotor projections respectively. 

 

 

Consider the instant at which the rotor tooth is about to enter the stator pole arc  Before  

this there was no overlap. However, due to fringing and leakage there is a small value of 

inductance, say Lmin, the calculation of which we will discuss later. As the overlap angle 

increases, L increases almost linearly from Lmin until the full overlap occurs  

 

 
 

  

 

Now let us choose the tooth and slot dimensions of the stator and the rotor so as to obtain 

feasible and optimized values for Lmax and Lmin- This analysis is presented by Lawrenson  

(i) In order to allow a quick build up of the current from a voltage source, it is desirable 

that the winding be switched when its inductance is low and fairly constant. 



Therefore, we must have a certain dwell period during which L has a low value. This 

is possible only when the stator pole arc is less than the rotor slot width Thus, we 

get 

βs<αr or 

βs+βr<2π/Nr 

 

This inequality can be expressed in graphical form with βs plotted along the y-axis 

and βr plotted along the .x-axis. As per this condition the region left to the line AB is 

the feasible zone. 

(ii) But βs cannot exceed (line CD). This forms another constraint and reduces the 

feasible zone to CDAO as depicted in Fig. 

(iii) To avoid negative torque production, it is desirable to have some dwell period when 

L stays at Lmax. This implies βr> βs is a better choice since that allows a smaller βs 

and a larger αs Larger slot width allows more ampere-conductors and more torque. 

Hence the feasible zone is further reduced to the right of line OE as shown in Fig.  

 

(iv) Finally, the period during which (L-θ) curve has positive slope should be more than 

the step angle so that a positive torque is developed during the entire step. 

Now the step angle  ε is given by L-The  angle through which L has positive slope is min 

(βs,βr) This consideration gives the condition 

                                   min (βs,βr) >(2π/Ns-2π/Nr) 

Since βs<βr as per the desirable condition mentioned in βs should be more than the step 

angle. This gives another constraint further reducing the feasible zone to triangle EFG of 

Fig  The above design criteria are developed by Lawrenson and his associates[l].
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Power Converter for SR Motor 

                                         A typical power converter for an SR motor is shown in Fig. 

Each phase winding is connected to the dc bus through two static switches (say power 

transistors, MOSFETS or IGBTS) as shown in Fig Since the torque in an SRM is 

proportional to the square of the current, there is no need to reverse the direction of the 

phase current. 

When Trl and Tr2 are on, the voltage between A1 and A2 = V. 

When Tr] and Tr2 are off, and if there is current flowing in phase A, D1 and D2 become 

forward biased and send power back to the dc bus. With D1 and D2 conducting, VA1,A2 

= -V. If there is current flowing in phase A and only one of the switches Trl or Tr2 is on 

and the other is off, then the current free-wheels and during this period, 

VA1,A2 =0.   

Thus VA1A2 is either +V, -V or 0 depending on the switch positions. Thus, VA1A2 is in 

general a function of θ 

                                         The main function of the power controller is to switch on a 

particular phase so that a sufficient amount of current flows in that phase when its 

inductance is increasing with rotor position (hence high torque is produced), and switch 

 

60° 

 

  

Fig. 3.10 Lawrenson's feasible zones for stator and rotor tooth arcs for (a) general, (b) 

8/6 SR motor. 
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it off when the inductance is constant or decreasing. Because of the inductive nature of 

the winding and the source being a voltage source, it takes some time for the current to 

build up. Hence it is advisable to switch on the winding a little earlier than the instant 

when the winding inductance starts increasing, or before the overlap begins and when L 

is low. 

In the Imin region, 

 

Neglecting the Ri drop, the initial rise of current 

 

As mentioned earlier, the rate of increase of current with time is then given by V/Lmin. 

Thus the value to which the current builds up at the instant L starts increasing depends 

on the advance of the switching angle and the speed of the motor. If the speed is low, a 

small angle of advance is sufficient, but at higher speeds the angle of advance is to be 

increased if possible. Again, because of the winding inductance the switches are to be 

turned off before L reaches its maximum value, or else the current tries to flow during 

the period when L stays constant at the maximum value and even during the period when 

L starts decreasing, giving rise to a negative torque. 

                                      At the time of starting when the speed is zero, the angle of 

switching a phase is slightly delayed to ensure some starting torque to be developed for 

assured shaft rotation. In fact, the current may build up to a value larger than the rated 

value, and very often voltage chopping is required. For this the actual phase current is 
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continuously monitored and compared with a reference value, and whenever the former 

exceeds the latter one of the switches in each phase is turned off so that current free-

wheels and drops to a lower value. The chopping frequency depends upon the window 

width of the hysteresis-type current controller. In general, for traction-type drives, three 

major modes of operation can be envisaged. 

1. During starting and up to base speed: zero advance angle (or slightly delayed angle) 

of turn-on; current limited to peak rated current to give constant torque up to base 

speed when there is no need to chop the voltage. 

2. Keeping the turn-off instant fixed, the turn-on instant is advanced with full voltage 

applied. The current falls due to increased rotational emf in the winding. The torque 

also decreases, however the power is more or less constant. 

3. Very high speed operation: Here the maximum advance turn-on angle is given and 

full voltage is applied. The current decreases further and further with speed; the 

torque decreases inversely as square of the speed; power also decreases with speed. 

Typical current waveforms in all these cases are shown in Fig. 3.13. It must be 

remembered that successive phases will be turned ON at intervals of the step angle. So 

to get the total torque on the shaft, the torque produced by each phase at any instant of 

time should be added. Similarly, to get the line (dc supply) current, currents in all phases 

should be added. In adding these currents and torques, their signs should be taken into 

account (for example, the current fed back by diodes should be taken as negative). 

 

 

From the line current (Fig. 3.14) and the total torque (Fig. 3.15), we observe the 

following: 

The line current is pulsating and its average value may be quite low compared to the peak 
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value of current in each phase. The average line current may be typically 40% of the 

peak phase current. Thus the switching devices and diodes should carry much more 

current than the average (or dc) line current. In other words, the VA rating of the inverter 

is 2 to 3 times the watt rating of the motor. The net line current may go negative during 

certain periods and the source should be able to absorb this. If the dc supply is from 

batteries, it is okay, otherwise a large input capacitor is to be connected after the 

rectifying diode bridge if commercial ac supply is used. There are pulsations of the torque 

which may give rise to noisy operation, particularly at low speeds. 

Simplified analysis for iph and torque waveforms (Neglecting the resistance and magnetic 
saturation) 
 
 
V(θ)=Ri+dψ/dt 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 3.14   line current waveform  

 
 
 
 
 
 
 
 
 
 
 

Fig 3.15 variation of torque with rotor movement 
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Neglecting the resistance drop  

 
 
 
 
 
 
 
 
 
 

But 
 

 
 
 
 
 
 
 

 
 
Since L(θ) is known, i(θ) can be computed. To illustrate the procedure, let phase A be 

turned on by gating T r1 and T r2 a little before the rotor tooth enters the stator pole arc 

of phase A, say at an angle – θadv  θ = 0 is taken as the reference when the overlap just 

begins. The phase is turned o f f when the rotor is at θ=θD Thus (θD+ θadv) is the o n 

duration of the phase A and Vph = Since the mutual inductances are negligible and initial 

current in phase A is zero, the initial flux linkage o f phase A = 0.  Hence ip increases 

linearly from zero with 0 from 9adv < 0 < 0D, as shown inFig. 3 .16 0 . At θD, T rl and 

T r2 are turned off and Vph = - Vsuppl y.Hence the flux falls linearly and reaches zero 

in a time interval equal to the on period. From the ψ(θ), L(θ) curves, i(θ) can be computed. 

From the current thus obtained, 

 

 

 
 

 

The whole procedure can be carried out graphically as shown in Fig. 3.16 
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CHAPTER 2 

 
 

THEORY OF STEPPER MOTOR 

 
 
 

2.1    INTRODUCTION 

 

   Stepper motor is a special type of electric motor that moves in 

precisely defined increments of rotor position (Steps). The size of the increment 

is measured in degrees and can vary depending on the application. Due to precise 

control, stepper motors are commonly used in medical, satellites, robotic and 

control applications. There are several features common to all stepper motors that 

make them ideally suited for these types of applications. They are as under 

 High accuracy: Operate under open loop 

 Reliability: Stepper motors are brushless.  

 Load independent: Stepper motors rotate at a set speed under 

different load, provided the rated torque is maintained. 

 Holding torque: For each and every step, the motor holds its 

position without brakes.  

Stepper motor requires sequencers and driver to operate. Sequencer 

generates sequence for switching which determines the direction of rotation and 

mode of operation. Driver is required to change the flux direction in the phase 

windings. The block diagram of stepper motor system is shown in Figure 2.1. 
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Figure 2.1 Block diagram of stepper motor system 

 

2.2    TYPES OF STEPPER MOTORS 

 

  It can be classified into several types according to machine structure 

and principle of operation as explained by Kenjo (1984). Basically there are three 

types 

 
1. Variable Reluctance Motor (VRM) 

2. Permanent Magnet Stepper Motor (PMSM)  

3. Hybrid Stepper Motor (HSM) 

 
2.2.1   Variable Reluctance Motor  

 

    It consists of a soft iron multi-toothed rotor and a wound stator. When 

the stator windings are energized with DC current, the poles become 

magnetized. Rotation occurs when the rotor teeth are attracted to the energized 

stator poles. Both the stator and rotor materials must have high permeability and 

be capable of allowing high magnetic flux to pass through even if a low magneto 

motive force is applied. When the rotor teeth are directly lined up with the stator 

poles, the rotor is in a position of minimum reluctance to the magnetic flux.  

    

Driver 
Circuit Sequencer  

Stepper 
Motor 

Power 
Supply 
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    A rotor step  takes place when one stator phase is deenergized and 

the next phase in sequence is energized, thus creating a new position of 

minimum reluctance for the rotor as explained by Kenjo (1984). Cross-section of 

variable reluctance motor is shown in Figure 2.2. 

 

 
 

Figure 2.2 Cross-section of variable reluctance motor 

 

2.2.2   Permanent Magnet Stepper Motor  

 

 A stepper motor using a permanent magnet in the rotor is called a 

PMSM. The rotor no longer has teeth as with the VRM. Instead the rotor is 

magnetized with alternating north and south poles situated in a straight line 

parallel to the rotor shaft. These magnetized rotor poles provide an increased 

magnetic flux intensity and, because of this the PM motor exhibits improved 

torque characteristics when compared with the VRM type. An elementary PM 

motor is shown in Figure 2.3 which employs a cylindrical permanent magnet as the 

rotor and possesses four poles in its stator. Two overlapping windings are wound 

as one winding on poles 1 and 3 and these two windings are separated from 

each other at terminals to keep them as independent windings. The same is true 

for poles 2 and 4. The terminals marked Ca  or Cb  denotes 

connected to the positive terminal of the power supply as explained by Kenjo 

(1984). 
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 When the windings are excited in the sequence A - B - A1 - B1 --- the 

rotor will be driven in a clockwise direction. The step length is 900 in this 

machine. If the number of stator teeth and magnetic poles on the rotor are both 

doubled, a two-phase motor with a step length of 450 will be realized.  

 
 

 
 

Figure 2.3 Cross-section of permanent magnet stepper motor 

   

2.2.3  Hybrid Stepper Motor  

 

   is  derived from the fact that motor is operated with 

the combined principles of the permanent magnet and variable reluctance motors 

in order to achieve small step length and high torque in spite of motor size. 

Standard HSM have 50 rotor teeth and rotate at 1.8 degree per step. Figures 2.4 

& 2.5 show a cross section and cut view of two phase HSM. The windings are 

placed on the stator poles and a PM is mounted on the rotor. The important 

feature of the HSM is its rotor structure. A cylindrical or disk-shaped magnet lies 

in the rotor core. Stator and rotor end-caps are toothed. The coil in pole 1 and pole 

3 is connected in series consisting of phase A and poles 2 and 4 are for phase 

B. If stator phase A is excited pole 1 acquires north polarity while pole 2 

acquires south south pole while pole 3 aligns 

north pole. 
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Figure 2.4 Cross-section of HSM 

 

 

 
 

Figure 2.5 Cut view of HSM 

 

  When the excitation is shifted from phase A to phase B, in which 

case the stator pole 2 becomes north pole and stator pole 4 becomes south 

pole, it would cause the rotor to turn 900 in the clockwise direction. Again phase 

A is excited with pole 1 as south pole and pole 3 as north pole causing the 

rotor to move 900 in the clockwise direction. 

Rotor -1 

Shaft 

Rotor -2 

Stator -1 

Coil 
Winding 

End cap 
End cap 

Bearing 

Permanent magnet 



 
 

16 

 

  If excitation is removed from phase A and phase B is excited, then 

pole 2 produces south pole and pole 4 produces north pole resulting in rotor 

movement of 900 in the clockwise direction. A complete cycle of excitation for the 

HSM consists of four states and produces four steps of rotor movement. The 

excitation state is the same before and after these four steps and hence the 

alignment of stator/rotor teeth occurs under the same stator poles as explained 

by Kenjo (1984). The step length for a HSM and angle through which the rotor 

moves for each step pulse is known as step angle and is calculated by 

 

 Step length = 90o/Nr                                      (2.1) 

Step angle is calculated using the formula  

 

                    (2.2)                                                                                  
 

Where 
           - Step angle in degrees 
 
         - Number of stator teeth 
 
          - Number of rotor teeth 
 
          - Number of phases 
 

 Mechanical angle represents the step angle of the step. In the full step 

mode of a 1.8° motor, the mechanical angle is 1.8°. In the 10 micro step mode of 

a 1.8° motor, the mechanical angle is 0.18º. An electrical angle is defined as 

360° divided by the number of mechanical phases and the number of micro step. 

In the full step mode of a 1.8° motor, the electrical angle is 90°. In the 10 micro 

step excitation of a 1.8° motor, the electrical angle is 9º. 

HSM material properties for each part and standard step angle of 

HSM are tabulated in Table 2.1 and Table 2.2 respectively. 
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Table 2.1 Material properties of HSM 

 

S.No Motor Part Material 

1. Shaft Non-Magnetic material 

2. Magnet 
Neodymium Iron Boron (NdFe) / 

Samarium Cobalt (SMCO5) 

3. Rotor core Steel sheet 

4. Stator core Steel sheet 

5. Coil Copper 

 

Table 2.2 Standard step angle of HSM 

 

Step angle Steps per revolution 

0.9º 400 

1.8 º 200 

3.6 º 100 

7.2 º 50 

15 º 24 
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  Advantages and disadvantages of HSM are discussed by Acarnely 

(2002) and in a nutshell, they are as here below 

 

a. Advantages 

 

1. Step angle error is very small and non-cumulative. 

2. Rapid response to starting, stopping and reversing. 

3. Brushless design for reliability and simplicity. 

4. High torque per package size. 

5. Holding torque at standstill. 

6. Can be stalled repeatedly and indefinitely without damage. 

7. No extra feedback components required (encoders). 

 

b. Disadvantages  

 

1. Resonance 

2. Vibration 

3. Torque ripple 

 

2.3            COMPARISON OF STEPPER MOTOR TYPES 

 
   The choice of the type of the stepper motor depends on the application. 

Selection of stepper motor depends on torque requirements, step angle and control 

technique.   
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  The complexity of the controller circuits are explained detail by Athani 

(2005). Comparisons based on motor advantages and disadvantages, motor 

characteristics and different phases are tabulated in Tables (2.3 - 2.5). 

 
 

Table 2.3 Comparison based on motor advantages and disadvantages 

 

Motor type Advantages  Disadvantages 

Variable 

Reluctance 

Motor  

1. Robust No magnet 

2. Smooth movement due to 

no cogging torque. 

3. High stepping rate and 

speed slewing capability. 

1. Vibrations 

2. Complex circuit for 

control 

3. No smaller step angle 

4. No detent torque. 

Permanent 

Magnet 

Stepper Motor 

1. Detent torque 

2. Higher holding torque 

3. Better damping 

1. Bigger  step angle 

2.  Fixed rated torque. 

3.  Limited   power 

output and size 

Hybrid 

Stepper Motor  

1. Detent torque 

2. No cumulative position 

error 

3. Smaller step angle 

4. Operate in open loop  

1. Resonance 

2. Vibration 
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Table 2.4 Comparison based on motor characteristics 

 

Specifications 
Motor types 

VRM PMSM HSM 

Step angle 0.66 º  30º 3.75 º   45º 0.45º  5º 

Phases 3,4,5 2,4 2,5 

Drive type Unipolar Unipolar/Bipolar Bipolar 

Rotor inertia Low High Medium 

 

Table 2.5 Comparison based on different phase properties 

 

Type of Phases Properties 

2 phase 

1. Simple driver circuit with low heat dissipation. 

2. Less step error compared to other phases. 

3. Higher accuracy due to more number of stator 

    Poles.  

3 phase 

1. Torque ripple is more. 

2. Poor peak torque ratio. 

3. Power transistors are less. 

4 phase 
1. Low torque ripple. 

2. Good peak torque ratio. 

5 phase 
1. Lower torque ripple. 

2. More expensive controller. 
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 The increased number of phases requires complicated control circuits, 

which provide better dynamics and considerable increase in the number of steps. 

 

2.4         SELECTION OF MOTOR  

 

 Stepper motor can be selected based on the following specifications as 

explained in Athani (2005) 

 

1. Electrical specifications include number of phases, step angle, 

winding voltage, winding resistance/ inductance, holding torque, 

pull-out torque, maximum slew rate, positional accuracy, 

temperature rise and power supply & drive circuits. 

2. Mechanical specifications includes shaft length & shape, motor 

length, shape of flange face, lead wire length and connector type 

 
 

2.5   DIFFERENT MODES OF EXCITATION 

 

  Different types of excitation schemes of the stepper motor are 

explained by Kenjo (1984) and they are 

1. Full step  

2. Half step  

3. Micro step  

 

   According to the specified pattern, the phase voltages are switched 

with positive and negative polarity. The motor shaft moves through an 

appropriate fraction of step angle for each switching.  Phase excitation scheme 

plays a vital role in the performance of a stepper motor. The most important 

aspect is to decide the step angle of the motor for a particular application. 

Standard step angles are tabulated in Table 2.4.   
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2.5.1  Full Step Excitation Mode 

 

  Full step excitation mode is achieved by energizing both windings 

while reversing the current alternately. Essentially one digital input from the 

driver is equivalent to one step. If two phases of the hybrid stepper motor are 

excited, the torque produced by the motor is increased, but the power supply to 

the motor is also increased. This can be an important consideration for 

applications, where the power available to drive the motor is limited. Full step 

sequence is shown in Figure 2.6 and tabulated in Table 2.6(a) 

 

Table 2.6   (a) Full step sequence               (b) Half step sequence 

 

     

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.6 Full step excitation  

Va Vb 

+1 +1 

0 +1 

-1 +1 

-1 0 

-1 -1 

0 -1 

+1 -1 

+1 0 

Va Vb 

+1 +1 

+1 -1 

-1 -1 

-1 +1 
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2.5.2  Half Step Excitation Mode 

 

  In half step mode, the drive alternates between two phases ON  and a 

single phase ON . Half step sequence is shown in Figure 2.7 and tabulated in 

Table. 2.6 (b). This increases the angular resolution, but the motor also has less 

torque (approx 70%) at the half step position (where only a single phase is ON). 

This may be mitigated by increasing the current in the active winding. The 

advantage of half step is that it reduces the vibration. 

 

 
 

Figure 2.7 Half step excitation  

 

2.5.3   Micro Step Excitation Mode 

 

  The full step length of a stepper motor can be divided into smaller 

increments of rotor motion known as micro step by partially exciting several 

phase windings and micro step sequence is shown in Figure 2.8.  

 
 

Figure 2.8 Micro step excitation  
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 Micro step is typically used in applications that require accurate 

positioning and a fine resolution over a wide range of speeds. The major 

disadvantage of the micro step drive is the cost of implementation due to the need 

for partial excitation of the motor windings at different current levels. The merits 

as below  

1. Micro step is a way of moving the stator flux of a stepper motor 

more smoothly than in full or half step drive modes.  

2. Less vibration making noiseless step. 

3. Makes smaller step angles and hence better positioning is 

   possible. 

4. In many applications micro step increases system performance.  

5. Micro step diminish the oscillation. 

 

2.6   TYPES OF DRIVERS 

 

  The main function of the driver circuit is to change the current and 

flux direction in the phase windings. Driving a controllable amount of current 

through the windings and thereby enabling maintain of short current rise and fall 

time is good for high speed performance. The direction change is done by changing 

the current direction, and this may be done in two different ways using a unipolar 

or a bipolar drive as explained by Acarnely (2002). 

 

2.6.1   Unipolar Driver 

 

  Winding has three leads each at the end and one in the middle.  Half 

of the winding only is used in motor operation at any instant of time. To change 
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the direction of rotation, end leads are chosen and the current flows in the same 

direction. Unipolar winding driver circuit is simple and shown in Figure 2.9. 

 

Figure 2.9 Unipolar winding 

 

2.6.2   Bipolar Driver  

 

  In bipolar winding current flows in both directions as shown in Figure 

2.10. Unipolar winding can be configured into bipolar if the centre lead is 

ignored. Bipolar drives are most widely used drives for industrial applications.  

winding is changed by shifting the voltage polarity across the winding terminal. 

To change polarity, a total of four switches are needed forming an H-bridge. 

           The bipolar drive method requires one winding per phase. The motor 

winding is fully energized by turning on one set (top and bottom) of the switching 

transistors.  Comparison between different drivers is tabulated in Table 2.7. 

 

Figure 2.10 Bipolar winding 
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Table 2.7 Comparison between drivers 

Unipolar driver Bipolar driver 

Winding with a center tap, or two 

separate windings per phase 

One winding per phase 

Two switches per phase Four switches per phase, in 

the form of an H-bridge 

Utilizes only half the available 

copper volume of winding 

Motor winding is fully 

energized 

Incurs twice the loss of a bipolar 

drive at the same output power 

Loss is minimum compared 

to unipolar drive 

 

 

2.7  CHARACTERISTICS OF STEPPER MOTOR 

 

  The construction features between the various types of SM are 

different, but their behaviors are similar. Some additional characteristic details 

about HSM are given below for detailed investigation as explained by Kenjo 

(1984). 

2.7.1   Static Characteristics 

 
1) Torque  Angle curve: The torque increases, almost sinusoidal 

with angle  from equilibrium position as shown in Figure 2.11.  

S is the step angle (deg) and M  is the maximum angle. 

 
2) Holding torque (TH): It is the maximum load torque which the 

energized step per motor can withstand without slip from position. 
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3) Detent torque (TD): It is the maximum load torque which an 

unenergized step per motor can withstand without slipping and is 

also known as cogging torque. It is due to residual magnetism and 

about 5 -10% of holding torque. Detent torque is typically fourth 

harmonic torque as shown in Figure 2.12. 

 

 
 

Figure 2.11 Torque - angle curve of stepper motor 

 

 
 

Figure 2.12 Torque and detent torque profiles of stepper motor 

 

 

Motor Torque 

Detent Torque 
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2.7.2    Dynamic Characteristics of Stepper Motor 

 

1. Torque Vs Speed characteristics  

   

  Torque versus speed relationship of a stepper motor is shown in 

Figure 2.13. The two curves are the pull-in torque and the pull-out torque curve 

and intermediately pull-out region is called the slewing curve.  

 

 
 

Figure 2.13 Torque Vs Speed curves of stepper motor 

  The pull-out torque versus speed curve represents the maximum 

friction-torque load that a stepping motor can drive before losing synchronism 

at a specified stepping rate with the magnetic field and motor stall. The pull-in 

torque versus speed curve represents the maximum frictional load at which the 

stepper motor can start without failure of motion when a pulse train of the 

corresponding frequency is applied. The pull-in torque depends on the inertia of 

the load connected to the motor. The pull-in region is defined as the 

maximum control frequency at which the unloaded motor can start and stop 

without losing steps. The pull-out region is defined as the maximum frequency at 

which the unloaded motor can run without losing steps and is alternatively called 

the maximum pull-out rate as explained by Kenjo (1984). 
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2.8  EFFECT OF INDUCTANCE ON WINDING CURRENT 

 

   An important consideration in stepper motor controller is the effect of 

the inductance of the motor windings. Stepper motors are often run at voltages 

higher than their rated voltage. Increasing the voltage supplied to a motor increases 

the rate at which current rises in the windings of the motor and also increases the 

torque. A winding can be modeled as an inductive-resistive circuit as 

explained by Kenjo (1984). Components include the supply voltage (V), the 

resistance of the winding (R) and the inductance of the winding (L). The 

circuit diagram of winding model is shown in Figure 2.14. 

 

 
Figure 2.14 Circuit diagram of stepper motor winding model 

 

 
 

Figure 2.15 Exponential plot of current versus time of winding current 

  

Motor winding 
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  Inductance of the motor winding determines the rise and fall time of 

the current through the windings. The inductance results in an exponential plot of 

current versus time as shown in Figure 2.15.  

 

  The current rise exponentially until Imax is reached. Current as a 

function of time is calculated by 

 

         (2.3) 

 

The instantaneous rate at which current rises, when voltage is 

applied is given by 

 

                    (2.4) 

 

The maximum current is given by 

                               (2.5) 

 

   The current in the winding will remain at Imax until the supply is 

switched OFF. When the voltage supply is removed, the current drops 

exponentially. Equations (2.3) and (2.4), show the rate at which current rises in a 

winding and can be increased by using a higher supply voltage. Equation (2.5) 

shows that Imax is also affected by increasing the supply voltage. Running a motor 

at high voltage without current limitations can be damaging for the motor life 

and drive circuitry. 
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2.9 CONCLUSION 

 

  Basic principles of stepper motor, and there different types and 

comparison of stepper motor are presented. The advantages and disadvantages of 

hybrid type motor have been explained. Various modes of excitation namely full 

step, half step and micro step have been discussed. Also static and dynamic 

characteristics of SM are studied. 
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Chapter 19:  Permanent Magnet DC Motor Characteristics

19.1:  Introduction

Direct current (DC) motors comprise one of the most common types of actuator designed into electro-

mechanical systems.  They are a very straightforward and inexpensive means of creating motion or forces.

More often than not, you’ll find yourself using motors to put the “mech-” into “mechatronics.”

Motors are actually complex assemblies that exploit the relationships between current and magnetic fields

in order to create useful torque and do work.  And, like all real-world components and complex assemblies,

motors have several interesting characteristics, trade-offs, quirks and even pitfalls to avoid.  Understanding

the issues will enable designers to successfully select and use DC motors.

19.2: Sub-fractional Horsepower Permanent Magnet Brushed DC Motors

The category of DC motor that is the least expensive, easiest to use, and thus the most popular, is the sub-

fractional horsepower permanent magnet brushed DC motor.  “Sub-fractional horsepower” refers to the

their limited power output, and distinguishes them from larger varieties of motors.  “Permanent magnet”

refers to the means used of establishing one of the magnetic fields. “Brushed” refers to the method of

commutation (the way in which coils are activated to establish useful magnetic fields; which is described in

detail later in this section).  Finally, “DC” indicates that these motors operate on direct current, rather than

“AC”, or alternating current.

Motors exploit the phenomenon described by Maxwell’s equations:  a current flowing within a wire

establishes a magnetic field around that wire.  By placing a current-carrying wire and its magnetic field

inside another magnetic field, forces are generated by the interaction of these two magnetic fields.  The
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permanent magnet DC motor’s design uses these forces to create a torque on the motor’s rotor, which is

constrained by the motor’s bearings so that the only motion permitted is rotation (see Figure 19.1 and

Figure 19.2).

Permanent magnet DC motors are constructed out of a number of components.  The exact design and

materials vary with each type of motor and depend on the application and constraints, but several elements

are common to most.  Figure 19.1 shows a cut-away view of a typical permanent magnet brushed DC

motor.  The construction generally consists of a stator, which is made up of powerful permanent magnets

that generate a static magnetic field; a rotor which carries the armature (also known as the windings or

coils) and the commutatator, and rotates in the bearings that support it; and a housing that holds the

stator, rotor bearing supports and brushes in a fixed relationship to one another.

Figure 19.1:  Permanent Magnet Brushed DC Motor Construction, Components and Nomenclature
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In terms of generating torque, the critical elements of the motor are the stator and the armature, which are

the sources of the two interacting magnetic fields.  The stator is commonly shaped like a thick-walled tube,

and the rotor and armature fit in the hollow space in the middle of the stator.  The lines of magnetic flux

established by the stator run from one side of the stator to the other.  Figure 19.2 demonstrates the magnetic

flux lines in a simplified representation.

Figure 19.2:  Permanent Magnet DC Motor Stator and Armature Detail

 Figure 19.2 also shows a single winding of the armature, and makes it easier to understand the interaction

between the armature and the stator.  The armature contains a large number of wire loops, or coils, identical

to the single one shown, arranged in a radial pattern around the rotor so that continuous torque is generated

as the rotor rotates.  Also, the additional loops contribute additional resulting forces, and hence more motor

torque.
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Causing current to flow through the looped wire in the coil causes a magnetic field to be established.

Depending on the orientation of the coil loop in the stator’s magnetic field, a force is generated due to the

interaction between the magnetic field of the stator and the magnetic field due to the current flow.  The

armature is rigidly fixed to the rotor, and as a result it reacts to these forces by rotating.  If the entire system

consisted of a single coil loop within the magnetic field of the stator as shown in Figure 19.2, inducing a

simple, unchanging current flow in the coil would cause the rotor to turn until the magnetic fields aligned,

eliminating the forces that generate torque.  This will happen when the direction of the force has no

component perpendicular to the rotor’s radius, and the rotor will come to rest at an equilibrium position.  In

order to spin continuously, permanent magnet DC motors are designed to switch the current flowing in the

coils continuously, never coming to an equilibrium position.  When the rotor approaches a point near

equilibrium, the direction of the current flow in the coil is first stopped, and then reversed.  This has the

effect of moving the equilibrium point as the rotor spins.  In much the same way that a carrot is dangled in

front of a cart horse to encourage it to pull, the equilibrium point is always being moved out of reach of the

rotor in order to keep it spinning continuously.

The commutator and brushes together perform the switching of the current in the coils of the armature

required by this approach.  The commutator-to-brush contact is the point where current is introduced into

the coils.  The commutator is shaped like a smooth annular ring with strips of conductive material

alternating with strips of insulating material.  Each of the coils of the armature is connected across two

adjacent conducting segments of the commutator.  The overall arrangement is shown in Figure 19.3.

Connecting the coils in this fashion allows all coils to continuously carry current and contribute torque

(with the exception that periodically one of the coils has both leads connected to the same brush contact,

during which time no current flows in that single coil).  If instead the coils were arranged so that their leads

were connected to conducting segments on opposite sides of the commutator, this would limit the number

of coils that were conducting current to one or two, and thus severely limit the overall torque generated by

the motor.  When connected as shown in Figure 19.3, all but one of the coils contribute torque at all times.
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The commutator is part of the rotor/armature assembly, and rotates as the rotor spins.  The stationary

brushes make contact with different commutator segments as the rotor spins, and control the flow of current

through the coils of the armature. The brushes are in constant contact with the commutator and provide the

current path between the non-rotating, stationary housing and the spinning rotor.  Brushes are typically

made of a low friction material such as graphite or precious metals, and are in sliding contact with the

commutator as it spins.  Springs press the brushes firmly against the commutator and ensure that good

electrical contact is maintained.

Figure 19.3:  Electrical connections and layout of armature coils, commutator and brushes.

Although the commutator and brushes are key elements that make a permanent magnet DC motor work,

they are also the weakest link in the system.  Brushes are sacrificial components that wear over time, and

are the components of the motor that are most likely to fail.  Also, because they are in sliding contact with

the commutator, they cause “brush drag,” or frictional forces, which are the unavoidable result of

dragging one material over another.  Overcoming these drag forces requires torque that is then not available

to do work.  These forces are therefore considered losses.  In addition, since the brushes are pressed against
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the commutator with springs, this creates a dynamic system complete with resonances.  As the rotor and

commutator spin faster and faster, the bushes will eventually reach a condition where they are not able to

follow the contours and stay in good electrical contact because of a phenomenon known as brush bounce.

Ultimately this limits the maximum speed of the motor.  Increasing the spring force pressing the brushes

against the commutator is one solution, but this increases frictional losses and accelerates wear on the

brushes.  Brushes are most commonly made out of graphite, which is a material that has relatively high

electrical resistance (1-10Ω, typically) and is physically dirty.  Graphite brushes cast off particles and dust

as wear occurs.  In addition, the brush-commutator interface is electrically noisy as the connections to the

individual coils in the armature are continuously made and broken.  These can be the source of significant

electromagnetic interference (EMI) or noise in a system.

19.3:  Electrical Model

Electrically, permanent magnet brushed DC motors can be modeled as a series of three basic electrical

components:  a resistor, an inductor, and a source of electro-motive force (EMF), or voltage (Figure 19.4).

This voltage source is commonly called the “back-EMF” or “counter EMF.”  The origins of the resistive

and inductive components are easy to see. The resistor in the model is a result of the finite resistance per

unit length of wire used to construct the coils in the armature.  The inductor is a result of coils of wire that

make up the armature windings.  All coils of wire act as inductors.  The back-EMF, on the other hand,

takes a little more discussion to clarify.

+-

Back EMF

Inductor

Resistor

Figure 19.4:  Electrical Model of a Permanent Magnet Brushed DC Motor
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19.4:  Back-EMF and the Generator Effect

Recall that the torque generated by a permanent magnet DC motor is the result of the current flowing in the

armature coils in the presence of the stator’s magnetic field.  This effect is known as the Lorentz force law

and is ultimately described by Maxwell’s equations.  Another of Maxwell’s equations leads to Faraday’s

law, which describes the result of moving a coil of wire through an external magnetic field:  a voltage is

generated.  This is the principle used to generate electricity in a hydroelectric power generation plant, for

example, where the potential and kinetic energy of the flowing water is used to spin a rotor and armature in

the presence of a magnetic field to generate electricity.

Faraday’s law is the effect that requires the inclusion of the back-EMF component in our electrical model

of a permanent magnet brushed DC motor:  the armature is spinning inside the field created by the stator.

This induces a voltage (the back-EMF) across the coil as it spins.  This voltage is opposed to the voltage

placed across the coil that made the rotor spin in the first place.  In short:  the motor is acting as a generator

at the same time that it is acting as a motor.  The voltages add by superposition, though they have different

signs.  The effect of this voltage is to reduce the voltage drop and current flow in the motor’s terminals

when the motor is running.

19.5:  Characteristic Constants for Permanent Magnet Brushed DC Motors

As a motor turns faster, more back-EMF is generated since the coils in the armature are moving faster

through the stator’s magnetic field.  The magnitude of the back-EMF is related to the rotational speed

through a constant Ke, called the speed constant or voltage constant.

ωeKE = [ ]V Eq. 19.1

where: E = back-EMF [ ]V
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Ke = speed constant 







srad

V

ω = rotational speed [ ]srad

The value of Ke is determined by the construction, geometry, and materials properties of the motor.

Quantities like the motor’s physical dimensions, the number of turns in the coil windings, and the magnetic

flux density of the stator all contribute to the value of Ke. We can continue to examine the generator effect

to arrive at another useful relationship.

In this development, we will ignore, for the moment, the non-ideal mechanical and electrical losses

associated with the motor/generator operation.  The largest of the effects we will assume are negligible in

this discussion is the torque required to overcome friction in the motor.  Because of friction, the torque

generated by the motor may be treated as being made up of two terms:  frictional torque and usable torque

(or torque that is available at the motor’s output shaft and may be used to drive a load):

fLM TTT += [ ]mN ⋅ Eq. 19.2

For now, we assume Tf ≈0.  For most motors this is a reasonable first approximation.  If the losses are

negligible, then the mechanical power into the generator, Tω, will equal the electrical power out, EI.

ωTEIP == [ ]W Eq. 19.3

We can combine Eq 19.1 with Eq. 19.3 to yield:
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ωω TIKe = [ ]W Eq. 19.4

which can be simplified to:

IKT e= [ ]mN ⋅ Eq. 19.5

At this point, you may be wondering how we took a constant, Ke, with units of 







SpeedRotational

Volts  and

tuned it into one with units of 




Current
Torque .  The answer lies in the origin of the constant Ke.  The constant

originates in the relationship between current flow and magnetic fields described by Maxwell’s equations.

The constant can be expressed equivalently with units of 







ondradians

Volts
sec

 or 






 ⋅
Ampere

meterNewton .  To

minimize confusion, we treat the constant in Eq. 19.5 as different and call it KT, the torque constant.  The

value of KT is determined by the same factors that determine the value of Ke:  the construction, geometry,

and materials properties of the motor.  The motor’s physical dimensions, the number of turns in the coil

windings, and the magnetic flux density of the stator all contribute to the value of KT, just as they did with

Ke.  With the substitution of KT for Ke, Eq. 19.5 takes on its more common form:

IKT T= [ ]mN ⋅ Eq. 19.6

where: T = torque [ ]mN ⋅

KT = torque constant [ ]AmN ⋅

I = current [ ]A
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This distinction between KT and Ke is particularly useful in that numerically KT = Ke when compatible units

are used (e.g., 







ondradians

Volts
sec

 and 






 ⋅
Ampere

meterNewton ).  When the constants are expressed in

inconsistent units (which is far more common in practice), a conversion factor must be applied to convert

between them.  Two of the most commonly needed are:

]/[3542.1]/.[ krpmVKAinozK eT ×=⋅ Eq. 19.7

]/[35493.9]/[ krpmVKeAmNK eT ×−=⋅ Eq. 19.8

While we have structured this discussion by examining the case of a generator, the direction of torque flow,

either into or out of the motor shaft, has no effect on the fundamental interaction between the magnetic

field and the electrons in the conductor.  As a result, these equations (Eq. 19.1 and Eq. 19.6) are true when

the motor acts as a generator as well as when it acts as a motor.

Example 19.1:

A motor with KT = 5.89 oz.⋅in/A and a coil resistance of 1.76Ω is driven with a supply voltage of

12V.  If the motor’s friction torque is 1.2 oz.⋅in, what is the maximum torque available for driving a

load?  How much current is flowing under these conditions?

By combining Eq. 19.2 and 19.6, we can find the torque available at the output shaft:

IKTTT TfLM =+=

fTL TIKT −=
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Using Ohm’s Law to substitute for current:

AV
R
VI 82.6

76.1
12 =

Ω
==

( )( ) inozVAinozT
R
VKT f

T
L ⋅−

Ω
⋅=−= .2.1
76.1

12/.89.5

inozTL ⋅= .0.39

After the effects of friction are subtracted off the total torque produced by the motor under these

conditions, 39.0 oz.⋅in. of torque is available at the motor shaft to drive a load.  The current required

to generate this torque is 6.82A.

19.6:  Characteristic Equations for Constant Voltage

To more fully understand the torque and speed characteristics of a motor we can start by examining what

goes on when we place the motor into a circuit with a driving voltage.

+-

Back EMF

Inductor

Resistor

V
+

Motor

I

Figure 19.5:  DC Motor circuit with driving voltage
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We can use Kirchoff’s laws to write a loop equation to describe the steady-state current flow in this circuit.

ωeKIRV += [ ]V Eq. 19.9

where: V = voltage [ ]V

I = current [ ]A

R = resistance of motor coils [ ]Ω

Ke = voltage constant 







srad

V

ω = rotational speed [ ]srad

The voltage drop across the motor’s coils has an I⋅R term, as you would normally expect, plus the effects of

the back-EMF generated by spinning the motor, expressed in the term Ke⋅ω.

Some implications of equations Eq. 19.1, Eq. 19.6 and Eq. 19.9 are:

o The higher the rotational speed of the motor, the lower the current flow and therefore the lower the

torque.  This occurs because of the back-EMF.

o Maximum speed corresponds to 0 current flow and therefore 0 torque (we obviously can’t achieve

this with a real motor).

o When ω = 0 (a condition referred to as “stall”) V = IR and current and torque will both be at a

maximum.

By substituting Eq. 19.9 into Eq. 19.6, we can develop an expression relating torque to speed.
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ωe
T

KR
K
TV +=

ωe
T

KR
K
TV =−

T
KK

R
K
V

eTe

−=ω [ ]srad Eq. 19.10

Eq. 19.10 shows that, for a given voltage V, torque and speed for a motor are linearly related.  Often, this is

graphically represented with a plot showing a family of lines relating T vs. ω for several constant values of

voltage, V.  Figure 19.6 shows a typical example.

Ts3Ts2Ts1

ω ω

ω

ω

T
Figure 19.6:  Typical Torque vs. ω Curves for a Permanent Magnet Brushed DC Motor
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There are a few aspects of Figure 19.6 that we should identify and label.  The first is the y-intercept of each

line. This is the maximum speed that the motor can achieve for a given voltage, which occurs for the

idealized case where there is no torque generated.  This is called the “no-load speed,” written as ωNL, and

is the 
eK

V
term in Eq. 19.10.  Thus, for a permanent magnet brushed DC motor:

e
NL K

V=ω [ ]srad Eq. 19.11

The slope of the line given by Eq. 19.10 is the multiplier on T, which is 
eT KK

R
.  The slope term is also

given it own symbol, RM, and is called the “speed regulation constant”:

eT
M KK

RR =






⋅ mN
srad Eq. 19.12

By substituting ωNL and RM into Eq. 19.10 we get an expression that is more easily identified as that of a

straight line:

TRMNL −= ωω [ ]srad Eq. 19.13

The x-intercept of the constant-voltage line represents the case where ω = 0, which occurs when the motor

is stalled.  This is the point at which torque, and therefore current, are maximized.  This is called the “stall
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torque,” and given the symbol TSTALL or TS.  The corresponding “stall current” is given the symbol ISTALL

or IS.  If we set ω = 0 in Eq. 19.13, we can also express TSTALL as:

STALLMNL TR−= ω0

M

NL
STALL R

T
ω

=

Recalling from Eq. 19.11 that 
e

NL K
V=ω :

eM
STALL KR

VT = [ ]mN ⋅ Eq. 19.14

Then, recalling from Eq. 19.12 that 
eT

M KK
RR =  and then simplifying gives:

R
VKT T

STALL = [ ]mN ⋅ Eq. 19.15

Simplifying further using Ohm’s Law, we once again obtain Eq. 19.6:

IKT T= [ ]mN ⋅ Eq. 19.6
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Stall occurs whenever the motor is attempting to spin or move against a force that exceeds the amount of

torque it can generate internally, and any time the motor is started from a resting position, and any time the

motor reverses direction.  This is an important point:  stall torque (and stall current) occurs any time the

motor starts from a stop or reverses direction.  This is a critical point to consider when designing circuits to

drive DC motors, as covered in Chapter 20.

Example 19.2:

A permanent magnet brushed DC motor will be used to spin a cooling fan installed in a toy that

would otherwise overheat and deform.  The application requires a motor that can supply at least 225

mNm of torque at 2000 rpm.  Will a motor with a no-load speed of 9,550 rpm and a coil resistance

of 2.32Ω, powered by a 24V battery pack, be adequate for the task?

Starting with Eq. 19.13 and rearranging it as an expression for T:

TRMNL −= ωω

( )
COIL

NLeT

M

NL

R
KK

R
T

ωωωω −
=

−
=

We can determine Ke from Eq. 19.11:

krpmV
krpm
VVK

NL
e /51.2

55.9
24 ===

ω

and KT from Eq. 19.8:
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( ) AmNmANmkrpmV
krpmV

ANmeKT /0.24/0240.0/51.2
/

/35493.9 ==







−=

Substituting these values into our expression for torque:

( ) ( )( )( )
Ω

−=
−

=
32.2

255.9/51.2/0.24 krpmkrpmkrpmVAmNm
R

KK
T

COIL

NLeT ωω

mNmT 196=

This motor will not provide adequate torque at 2000rpm for this application, so a different motor

will need to be evaluated.

Given that a motor can operate anywhere between stall and no-load conditions, a couple of fundamental

questions arise:  Are all operating points equally desirable and useful?  Or are some better than others?  A

close look at motor power and efficiency will help answer these questions.

19.7:  Power Characteristics

For the purposes of this discussion, mechanical power is defined as P = Tω.  Recall from Eq. 19.2 that

overall motor torque is made up of a friction torque term and a usable torque term, so the full expression for

motor power output becomes:



Draft Copy Do Not Circulate

Carryer, Kenny & Ohline 10/24/03 Rev,   Page18/38

( )ωω Lf TTTP +== [ ]W Eq. 19.16

For this discussion, we will assume that the friction torque is relatively small and may be safely neglected.

Again, for most motors this is a reasonable first approximation.  However, for any of these discussions, the

effects of frictional torque may be explored by carrying the Tf term in the equations through and

redeveloping the results.

As with the relationship between torque and speed, a motor’s torque and power characteristics are usually

presented graphically for lines of constant voltage, and drawn as a family of curves.  Figure 19.17 shows a

typical family of curves for a representative motor.  The power output characteristic is parabolic in shape,

having a maximum at ½TSTALL for a given voltage.

Figure 19.7:  Typical Torque vs. Power Output Curves for a Permanent Magnet Brushed DC Motor

To understand the shape of the curve and the position of the peak value, start from the statement that P =

Tω  (Eq. 19.16).  By substituting Eq. 19.13 for ω, this can be rewritten as:
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)( TRTP MNL −= ω [ ]W Eq. 19.17

Then, by combining terms and substituting 
E

NL K
V=ω  from Eq. 19.11, we arrive at an expression

relating power to torque:

2TR
K
VTP M

E

−= [ ]W Eq. 19.18

Taking the derivative of Eq. 19.18 with respect to torque and setting the results equal to 0 yields the point

of maximum power.  The results of that exercise are that maximum power output for a permanent magnet

brushed DC motor occurs when T = ½ TSTALL.

We can make use of this by starting with Eq. 19.18, and substituting T = ½ TSTALL and 
eM

STALL KR
VT =

from Eq. 19.14 to develop a relationship between PMAX and applied voltage:

22

22 







−=

eM
M

EM
MAX KR

VR
KR

VP

Substituting 
eT

M KK
RR =  from Eq. 19.12 gives:
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2

22






−






=

R
VKR

R
VK

K
VP T

M
T

E
MAX

Finally, simplifying this gives the result:

2

4
V

RK
KP

e

T
MAX ⋅








= [ ]W Eq. 19.19

These results show that PMAX is proportional to V2, since the term 







RK

K

e

T

4
is a constant for a given motor.

This is an important result:  the mechanical power output of permanent magnet brushed DC motors changes

as the square of the applied voltage.  Changes in voltage have a substantial impact on a motor’s power

output.

Example 19.3:

A motor with a terminal resistance of 0.316Ω and KT = 30.2 mNm/A is powered by a 12V supply.

Measurements show that the operating rotational speed is 3616 rpm with a current flow of 1.79A.

How much power does the motor generate under these conditions?  What percentage of the

maximum possible power is this for the motor operating at 12V?

The amount of power generated by the motor is given by Eq. 19.16:

( )ωω Lf TTTP +==
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In this example, we will assume that Tf is negligible, and simplify the expression:

ωTP =

To maintain consistent units, we need rotational speed in radians/sec instead of rpm:

srad
rpm

sradrpm /380/105.03616 =×

Then from Eq. 19.6, we can determine the torque produced by the motor, since we know both KT

and motor current, I:

IKT T=

Substituting this back into the expression for power gives the solution:

ωIKP T=

( )( )( ) WsradAANmT 5.20/38079.1/0302.0 ==

In order to determine the maximum power possible for this motor at 12V, we will need to determine

TSTALL, from which we can determine ω at ½TSTALL and calculate maximum power.  From Eq.

19.15:
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( )( ) NmVANm
R

VKT T
STALL 15.1

316.0
12/0302.0 =

Ω
==

For this motor powered at 12V, the rotational speed at ½TSTALL is:

( )
R
VK

KK
R

K
VTR T

eTe
STALLMNL 2

21 −=−= ωω

eee K
V

K
V

K
V

22
=−=ω

From KT we can determine Ke using Eq. 19.8:

krpmV
krpmV

ANme
ANmKe /16.3

/
/35493.9

/0302. =
−

=

Then ω for ½ TSTALL is:

( ) rpm
krpmV

V
K
V

e

1897
/16.32

12
2

===ω

Finally, maximum power is:

( )( )( )sradNmTP STALLMAX /19915.12/12/1 == ω
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WPMAX 114=

When the motor is generating 20.5W, the percentage of maximum power is:

%0.18100
114

5.20 =×=
W
W

P
P

MAX

19.8:  DC Motor Efficiency

An additional quantity of great interest is that of motor efficiency, η.  In this analysis, efficiency is defined

as the ratio of mechanical power produced by the motor to electrical power consumed by the motor:

( )
VI

TT
VI

T
P

P fML

IN

OUT ωωη
−

=== Eq. 19.20

Efficiency is maximized at the point in the operating curve when a balance is struck between generating the

most useful work while dissipating a minimum of power as I2R losses and friction losses.  Figure 19.8

shows the typical efficiency characteristics of a permanent magnet brushed DC motor, and its relationship

to power, torque, speed, and current.
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Figure 19.8:  Composite DC motor characteristics, showing the interrelationship between efficiency η,

torque M, current I, speed n, and power P for a given voltage

At high torques, with correspondingly high currents, I2R loses (dissipated through heating of the coils) are

high and therefore efficiency is low.  At very low torques, in spite of the high rotational speed ω, little

useful mechanical power is produced and most or all of the power is consumed overcoming friction, which

scales linearly with speed:  Tfω.  This also leads to low efficiency.  Peak efficiency must then occur

somewhere in between.  In general, maximum efficiency operation occurs at relatively high ω, and low

values of torque and current leading to minimal I2R losses.  The point of maximum efficiency operation

varies from motor to motor.

In most applications, it will be desirable to operate DC motors in the region between the point of maximum

efficiency and the point of maximum power.  Note that the slope of the efficiency curve falls away from the
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maximum much more gradually in this region, rather than dropping rapidly to 0 for higher speeds.  Also,

most motors are not capable of running continuously with high current levels, such as occurs at torque

levels above the point corresponding to maximum power because of heating.  The specifications of any

given motor should always be consulted for this type of information.

For operating conditions that result in the maximum motor efficiency, a motor will generate the most

useful torque for a given power input.  We will solve for the motor current, I, that results in the efficiency

being maximized.  For this analysis, frictional effects definitely may not be safely neglected, since they

dominate the efficiency of the motor for conditions involving low torque/high speed operation.

It will be useful to restate efficiency in order to solve for the current, I, that maximizes η.  The general

equation for motor efficiency, is stated above in Eq. 19.20.  We can restate V using Ohm’s Law as follows:

RIV S= [ ]V Eq. 19.21

since V, IS and R are all constants.  Substituting this back into the PIN term of Eq. 19.20 gives:

( )
IRI
TT

S

fM ω
η

−
=

Substituting the expression for ω from Eq. 19.10 gives:
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( )
IRI

KK
RT

K
VTT

S

Te

M

e
fM 








−−

=η

and replacing total motor torque produced TM = KTI (Eq. 19.6) and V = ISR (Eq. 19.21) gives:

( )
IRI

KK
IRK

K
RITIK

S

eT

T

e

S
fT 








−−

=η

Simplifying this gives:

( )
IRI

K
IRRITIK

S

e

S
fT 







 −
−

=η

The frictional torque term, Tf, may also be expressed as:

NLTf IKT = [ ]mN ⋅ Eq. 19.22

since the no-load current, INL, is the amount of current required to overcome the force of friction only,

without generating any additional useful torque – the definition of the no-load condition.  Substituting this

into our expression for efficiency results in the following:
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( )

IRI
K

IRRIIKIK

S

e

S
NLTT 







 −
−

=η

Finally, since KT = Ke in consistent units, efficiency can be expressed as:

( )( )
IRI

IRRIII

S

SNL −−
=η

( )( )
II

IIII

S

SNL −−
=η

S

NLNL

S I
I

I
I

I
I +−−= 1η Eq. 19.23









−






 −=

S

NL

I
I

I
I

11η Eq. 19.24

With Eq. 19.23 and Eq. 19.24, we have expressions for efficiency only as functions of motor current (I),

no-load current (INL), and stall current (IS).  In order to find the current that results in the operating point of

maximum efficiency, take the derivative of Eq. 19.23 with respect to current (I), set the results equal to 0

and solve for I.

01 =







+−−

∂
∂=

∂
∂

S

NLNL

S I
I

I
I

I
I

II
η

01
2 =−

S

NL

II
I
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SNL III = Eq. 19.25

Substituting the result in Eq. 19.25 back into Eq. 19.24 gives us the expression for maximum efficiency we

were after:











−










−=

S

SNL

SNL

NL
MAX I

II
II

I
11η

Simplifying this gives the more compact result:

2

1 









−=

S

NL
MAX I

Iη Eq. 19.26

Recalling from Eq. 19.22 that Tf = KTINL and V = ISR from Eq. 19.21, we can rewrite 19.24 in terms that

will allow us to draw a few additional conclusions:

 

2

1













−=

VK
RT

T

f
MAXη Eq. 19.27

This expression for maximum efficiency shows that increases in friction decrease efficiency, as do

increases in resistance.
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After stepping through this development, the tradeoffs between speed and torque that effect efficiency

should be clear; both from the final results in Eq. 19.27 and the initial expression for efficiency given in Eq.

19.20:

o Very high speed/low torque operation (e.g. at or near the no-load condition) is dominated by

friction and hence not efficient. Eq. 19.20 illustrates this point, as TM goes to 0 at the no-load

condition.

o Very low speed/high current operation (e.g. near the stall condition) is dominated by heating of the

coils through I2R losses and hence inefficient.  Eq. 19.20 also illustrates this point, as ω is 0 at stall

conditions.

o The point of maximum efficiency operation lies between these two endpoints, and I2R losses

typically exert a more dominant influence.  This results in maximum efficiency for relatively high

speed/low torque operation (e.g. somewhere near the no-load condition).  Eq. 19.27 illustrates the

balance between efficiency at stall and at no-load conditions.

Example 19.4:

If the no load current for the motor in Example 19.3 is 137 mA, what is efficiency of the motor

running under those conditions?  What rotational speed results in maximum efficiency operation?

What is the maximum efficiency?

In addition to the no load current, we need to know the stall current, IS.  From Eq. 19.5:

A
ANm

Nm
K
T

I
T

S
S 0.38

/0302.0
15.1 ===
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Using Eq. 19.24 to find the efficiency of the motor for these conditions:









−








−=








−






 −=

A
A

A
A

I
I

I
I

S

NL

38
79.11

79.1
137.0111η

%0.88=η

The current that results in maximum efficiency is given by Eq. 19.25:

( )( ) AAAIII SNL 28.238137.0 ===

This corresponds to a rotational speed at 12V as given by Eq. 19.13:

TRMNL −= ωω

Substituting T from Eq. 19.6, ωNL from Eq. 19.11 and RM from Eq. 19.12 into Eq. 19.13, and

recalling that Ke = 3.16V/krpm from Example 19.3 gives:

( ) ( )( )
krpmV

AV
K

RIV
KK

IKR
K
V

eeT

T

e /16.3
28.2316.012 Ω−=−=−=ω

rpm3567=ω

Finally, Eq. 19.26 gives the maximum efficiency for this motor at:
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22

38
137.011 








−=










−=

A
A

I
I

S

NL
MAXη

%3.88=MAXη

It turns out that the motor in Example 19.3 was running very close to maximum efficiency.  For

most practical purposes, a gain of 0.3% is negligible.

19.9:  Gearheads

As shown in Section 19.8, the most efficient operating currents (and therefore torques) for permanent

magnet brushed DC motors lie above no-load current, and below the condition for maximum power,

½ISTALL or ½TSTALL.  This region is especially desirable if a motor is to be in continuous or high duty cycle

use, as most motors are not rated for long periods of high torque.  The coils of the armature will eventually

reach high temperatures and fail.

Given that most motors have output shaft speeds of several thousand RPM and little torque near the point

of maximum efficiency, and given that many applications for permanent magnet brushed DC motors

require substantially lower speeds and higher torques, gearheads (also called gearboxes) may be required.

Gearheads are an inexpensive and compact means of decreasing motor output shaft speeds and increasing

available torque.  In theory, they could also be constructed to increase the output shaft speed and decrease

the available torque, however this is seldom – if ever – useful.  In practice, gearheads are used to reduce the

speed of the output shaft to more useful ranges.

The relationship between the input shaft speed for a gearhead and its output shaft speed is called the gear

ratio, and is given by:
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OUT

INNRatioGear
ω
ω

== Eq. 19.28

The number of teeth in the gears used to construct a gearhead determines the gear ratio.  Gear ratios are

often expressed as N:1, e.g., “10:1” or “250:1.”  The range of possible gear ratios is very wide, from near

1:1 with spur gears to several-thousand-to-one with planetary gears.

Ideally, all the power produced by the motor and introduced to the gearhead at the input shaft would be

available at the gearhead output shaft.  This would be the case if the gearhead were frictionless and 100%

efficient.  Unfortunately, this is never the case for real gearheads.  Taking losses into account, the

expression for gearhead efficiency is given by:

ININ

OUTOUT

IN

OUT

T
T

P
P

ω
ϖη == Eq. 19.29

In commercially available gearheads, it is not unusual to see efficiency ratings below 50%, especially for

inexpensive gearheads and those with very high gear ratios.  For smaller gear reductions (4:1, say),

efficiency may be in the 90% range.  In any application, gearhead efficiency is a major consideration and

can greatly affect system performance.

As speed is decreased across a gearbox, torque is increased.  Combining Eq. 19.28 and Eq. 29 gives an

expression for the torque available at the output shaft of a gearbox:
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NTT INOUT η= Eq. 19.30

Example 19.5:

A mobile robot requires a drive motor that can supply at least 75 oz.⋅in. torque at 50 rpm.  The

gearhead that has been chosen for the application has a ratio N = 24 and efficiency η = 63%.  Since

the next step will be to select the motor that will drive the gearhead, what speed and torque operating

points will be required of a motor under these conditions?

Since the ratio and the required output shaft speed of the gearhead are specified, we can determine

the required rotational speed of the motor from Eq. 19.28:

OUT

INN
ω
ω

=

( )( ) rpmrpmN OUTIN 12005024 ==⋅= ωω

Then, since the efficiency and the required output torque are specified, we can determine the torque

required from the DC motor from Eq. 19.30:

NTT INOUT η=

( )( ) ..96.4
2463.0

..75 inozinoz
N

T
T OUT

IN ⋅=⋅=
⋅

=
η

The motor will be required to produce at least 4.96 oz.⋅in. torque at 1200 rpm.  After a motor is

selected for the application, the next task would be to determine the operating voltage that satisfies

these specifications.
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19.10:  SUMMARY

In this chapter, permanent magnet brushed DC motors were described and characterized.  DC motors are

one of the most common actuators used in mechatronics.  The subsystems and components that comprise

DC motors were enumerated and described, including the rotor, armature (coil windings), housing, stator

(permanent magnets), commutator and brushes.  The production of motor shaft torque and rotation was

described as a result of the interaction between the magnetic field established by the stator’s permanent

magnets and the magnetic field created by current flowing in the armature’s coil windings.

The concept of back-EMF was introduced and explored.  This is also called the “generator effect,” and is

the result of the armature spinning within the stator’s magnetic field, inducing a voltage counter to the that

introduced at the motor’s terminals.

An electrical model of DC motors was given, and from this model KT, the torque constant, and Ke, the

speed constant were developed.  The motor constants and fundamental electrical concepts were then used

to develop the characteristic equations for DC motors.  Expressions for rotational speed ω, torque, power,

and motor efficiency were developed, and the factors that influence them explored.  RM, the speed

regulation constant, was introduced.  Key points of operation were described, including no-load conditions

stall conditions, maximum power and maximum efficiency.

Finally, gearheads were introduced, and their use in reducing speed and increasing torque available form

DC motors was explored.  Gearhead efficiency, and its effect on the torque and speed available at the

output shaft of the gearhead, was explained.

Once you have mastered the concepts contained in this chapter, you should be able to:
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1) Identify the major components and subsystems that make up permanent magnet DC motors
and describe their function.

2) Describe how torque results from the interactions between the magnetic field established by
the permanent magnet stator and the rotor armature.

3) Describe the characteristic constants for a DC motor, the torque constant KT and the speed Ke,
and explain the factors that influence them.

4) Understand the generator effect and back-EMF.

5) Be able to identify DC motor operating points for peak power and peak efficiency.

6) Be able to specify a DC motor for an application.

7) Be able to specify and use a gearhead in combination with a DC motor as required.

Chapter 19 Problems:

1. The mechatronic system shown below is designed to periodically hoist a 10 oz. mass above a platform

where it is normally resting.  The spool has radius 3/8 in., and is directly connected to the output shaft

of the motor.  If the motor has a stall torque of 29.5 oz.⋅in. at 15V, what is the minimum voltage

required to hoist the mass?

2. As you stroll the isles of the local flea market, you come across a booth stocked with surplus

permanent magnet brushed DC motors.  Your eyes widen with excitement as you notice a particularly

shiny gear motor priced at $2.50.  Whipping your trusty multi-meter out of its belt holster, you

measure the winding resistance to be 18.9Ω.  Next, you pull a small torque wrench out of your fanny

pack and measure the stall torque, which is 2.8 Nm when powered by the 12V battery you keep handy
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for just such occasions.  Finally, you use your stopwatch to time 100 revolutions of the gearhead’s

output shaft and determine the no-load speed to be 2 revs/sec.  The gearhead is marked “100:1.”  The

application you have in mind for this motor requires the motor to deliver 0.4 Nm at 100 rpm when

driven at 15V.  You assume that the frictional losses in the motor and gearbox are negligible, and

determine the appropriateness of the motor by answering the following:

a) Will the motor and gearhead meet the requirements for torque and speed at 15V?  If not, would

it be possible at a drive voltage other than 15V?

b) What is the current required to operate at the design point?

3. A motor with KT = 105 mNm/A, RCOIL = 10Ω and ωNL (at 48V) = 4,320 rpm will be operated with a

48V supply.  If this motor is connected to a 12:1 gearhead that has frictional torque losses of Tf,gearhead =

2.4 mNm, what will the output shaft rotational speed be?

4. An electrical contact is attached to a fixed reference point via a spring with spring constant K1.  The

spring is spooled onto the shaft of a DC motor in order to move the electrical contact from its initial

location X1, until it makes contact with a second electrical contact that is also attached to a fixed

reference point with a spring that has a spring constant K2.  The initial position of the second contact is

X2.  The first spring constant K1 = 100 N/m, the second spring constant K2 = 15 N/m and the motor’s

shaft diameter is 1/2 in.  The motor is powered at 15V, a no-load speed ωNL = 4080 rpm at this voltage,

and coil resistance R = 9.73Ω.  What is the value of the initial distance, X2, that the second contact

should be placed from the contact on the spring to ensure that the second contact is displaced by

0.1mm?
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5. You wish to design a new ultra-high quality, portable, battery-

powered coffee burr grinder for backpacking espresso fanatics.

The grinding elements you have selected (pictured) are adjustable

so that a course grind results when the burr cones are moved far

apart from each other, a fine grind results when the cones are

moved close together, and any intermediate point may be selected

by the user.  The manufacturer of the burr cones claims that the torque required to grind coffee ranges

from 0.1 Nm (course grind) to 0.5 Nm (fine grind), and that the burr cones only function when rotating

between 6 to 10 rpm.  You will use a motor with ωNL = 13,900 rpm, TSTALL = 28.8 mN⋅m, ISTALL = 3.55

A, coil resistance R = 3.38 Ω, maximum continuous current I = 0.614 A, KT = 8.11 mN⋅m/A, and Ke =

0.847 V/krpm.  There are 3 gearheads available to you for this design:  the first has a 850:1 ratio with

65% efficiency, the second has a ratio of 1621:1 with 59% efficiency, and the third has a ratio of

3027:1 with 59% efficiency.  Which gearhead satisfies all the constraints?

6. A motor with KT = 16.1 mNm/A, RCOIL = 1.33Ω and ωNL (at 18V) = 10,300 rpm will be operated with

a 18V supply.  The maximum permissible continuous torque specification is 24.2 mNm.  What

rotational speed does this correspond to?
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7. Starting with the expression for motor power output given in Eq. 19.18, show that maximum power is

developed at ½ TSTALL.



Unit-4 

Linear Induction Motor 

 

Linear Induction motor abbreviated as LIM, is basically a special purpose motor that is in use 

to achieve rectilinear motion rather than rotational motion as in the case of conventional motors. 

A linear induction motor (LIM) is an AC asynchronous linear motor that works by the same 

general principles as other induction motors but is typically designed to directly produce motion 

in a straight line. 

Construction of a Linear Induction Motor 

Construction wise a LIM is similar to three phase induction motor in more ways than one as it 

has been depicted in the figure below. 

linear induction motors have a finite length primary or secondary, which generates end-effects, 

whereas a conventional induction motor is arranged in an endless loop. 

 

 

If the stator of the poly phase induction motor shown in the figure is cut along the section aob 

and laid on a flat surface, then it forms the primary of the LIM housing the field system, and 

consequently the rotor forms the secondary consisting of flat aluminum conductors with 

ferromagnetic core for effective flux linkage. 



There is another variant of LIM also being used for increasing efficiency known as the double 

sided linear induction motor or DLIM, as shown in the figure below. 

 

 

Which has a primary winding on either side of the secondary, for more effective utilization of the 

induced flux from both sides. 

Working of a Linear Induction Motor 

When the primary of an LIM is excited by a balanced three phase power supply, a traveling flux 

is induced in the primary instead of rotating 3 φ flux, which will travel along the entire length of 

the primary. Electric current is induced into the aluminum conductors or the secondary due to the 

relative motion between the traveling flux and the conductors. This induced current interacts 

with the traveling flux wave to produce linear force or thrust F. If the secondary is fixed and the 

primary is free to move, the force will move the primary in the direction of the force, resulting in 

the required rectilinear motion. 

When supply is given, the synchronous speed of the field is given by the equation : 

 

Where,fs is supply frequency in Hz, 

and p = number of poles, 

ns is the synchronous speed of the rotation of magnetic field in revolutions per second. 



The developed field will results in a linear traveling field, the velocity of which is given by the 

equation, 

 

where, vs is velocity of the  linear traveling field, and t is the pole pitch. 

 

For a slip of s, the speed of the LIM is given by 

 

Applications  of Linear Induction Motor 

A linear induction motor is not that widespread compared to a conventional motor, taking its 

economic aspects and versatility of usage into consideration. But there are quite a few instances 

where the LIM is indeed necessary for some specialized operations.  

Few of the applications of a LIM have been listed below. 

1. Automatic sliding doors in electric trains. 

2. Mechanical handling equipment, such as propulsion of a train of tubs along a certain route. 

3. Metallic conveyor belts. 

 

 

 

 



Unit-5 

Permanent Magnet DC motor and Hystersies Curve: 

 

 



 



 



 

 

 



Equivalent Circuit: 

 

 



Electrically Commutated DC Motor: 

 

 

 



 

 

 



 

 



Unit-6 

Open loop control of stepper motor: 

2-Phase Stepper Motor: 

 

 



 



 

 

 

 

 

 

 

 

 

 

 



3-Phase VR Stepper Motor: 

 

 



Closed Loop control of Stepper Motor: 

 

 

 



 

 



 



 

 



Characteristics of Stepper Motor: 

 



 

 



Comparison of Open Loop and Closed Loop Stepper Motor: 

  

 



Unit-7 

Control of SR motor for Traction Type Load: 

 

 



 

Control of Brushless DC Motor: 

 

 

 



 

 



 

Rotor Position Sensing and switching logic for BLDC motor: 

 

 

 



 

 

 

 



 

 



 

 



Unit-8 

Traction Motors: 

 

 

 

 

 

 



DC Series Motor: 

 

 

DC Shunt Motor: 

 



 

AC Series Motor: 

 

 

 



 

Linear Induction Motor: 

 

 



Compare AC and DC Traction: 

The AC (alternating current) Drive, also known as Variable Frequency Drive, used in 

locomotives is currently also being adopted in most of the new diesel-electric locomotives. 

This report presents a comprehensive comparison of AC traction vs. DC traction for 

locomotives, reviewing the advantages such as greater adhesion levels, higher reliability, and 

reduced maintenance requirements. Apart from an analysis of the equations used to determine 

tractive effort and adhesion of an AC or DC locomotive, the paper also provides reasons 

including elimination of wheel slip, and weight transfer compensation to explain why AC 

traction offers greater adhesion than DC traction. An outline of the performance of the 

company's DC powered SW9/SW1200 unit for industrial switching is incorporated, while the 

role of braking in AC traction, and functions of braking in AC locomotive as against DC 

locomotive is highlighted in conclusion.  


