
 

 

 

 
 

 

 

Motor Handbook 
 

 

Authors: Institute for Power Electronics 

and Electrical Drives,  

RWTH Aachen University 

Fang Qi 

Daniel Scharfenstein  

Claude Weiss  

 

Infineon Technologies AG 

Dr. Clemens Müller 

Dr. Ulrich Schwarzer 

 

Version: 2.1 

Release Date: 12.03.2019 



 Motor Handbook 2 
 
 

Preface 

This motor handbook was created by Infineon Technologies AG together with 

Institute for Power Electronics and Electrical Drives, RWTH Aachen University/ 

Germany. 

It was originally released in its first version in 2016. Based on the feedback, 

which has been received in the meantime, a new version with further improved 

motor images and updated diagrams has been developed. 

 

Dr. Clemens Müller 

Infineon Technologies AG 

IFAG IPC ISD 

 

Munich/Germany, March 2019  



 Motor Handbook 3 
 
 

Contents 

Preface ..................................................................................................... 2 

Contents ................................................................................................... 3 

Introduction............................................................................................... 5 

Induction machine (IM) ............................................................................... 7 

Structure and functional description ........................................................... 9 

Motor characteristics and motor control ...................................................... 9 

Notable features and ratings ................................................................... 22 

Strengths and weaknesses ..................................................................... 22 

Predominant applications ........................................................................ 22 

Permanent magnet synchronous machine (PMSM) ........................................ 24 

Motor structure and functional description ................................................ 25 

Concentrated and distributed windings ..................................................... 26 

Motor characteristics and motor control .................................................... 26 

Notable features and ratings ................................................................... 30 

Strengths and weaknesses ..................................................................... 31 

Predominant applications ........................................................................ 31 

Synchronous reluctance machine (SynRM) .................................................. 32 

Strengths and weaknesses ..................................................................... 33 

Predominant applications ........................................................................ 34 

DC Machine ............................................................................................. 35 

Motor structure and functional description ................................................ 35 

Motor characteristics and motor control .................................................... 37 

Notable features and ratings ................................................................... 45 

Strengths and weaknesses ..................................................................... 46 

Predominant applications ........................................................................ 46 

Brushless DC machine (BLDC) ................................................................... 47 

Motor characteristics and motor control .................................................... 48 

Strengths and weaknesses ..................................................................... 50 

Predominant applications ........................................................................ 51 

Switched reluctance motor (SRM) ............................................................... 52 



 Motor Handbook 4 
 
 

Motor structure and functional description ................................................ 52 

Motor characteristics and motor control .................................................... 54 

Rotor position ....................................................................................... 57 

Current hysteresis control ....................................................................... 58 

Notable features and ratings ................................................................... 61 

Strengths and weaknesses ..................................................................... 61 

Predominant applications ........................................................................ 61 

Stepper motor ......................................................................................... 62 

Motor structure and functional description ................................................ 62 

Motor characteristics and motor control .................................................... 69 

Notable features and ratings ................................................................... 72 

Strengths and weaknesses ..................................................................... 72 

Predominant applications ........................................................................ 72 

Lexicon ................................................................................................... 73 

Basic principles of electric machines ......................................................... 73 

Position sensors in electric machines ........................................................ 80 

Vector control ....................................................................................... 84 

Losses in electric machines ..................................................................... 91 

Efficiencies of electric machines ............................................................... 94 

Temperature classes of winding insulation ................................................ 98 

Cooling of electric machines .................................................................... 99 

List of abbreviations ................................................................................100 

List of figures ..........................................................................................101 

List of tables ...........................................................................................104 

References .............................................................................................105 

 

  



 Motor Handbook 5 
 
 

Introduction 

This “handbook of electric machines” gives a high-level orientation regarding the 

different kind of motors / generators, incl. their 

- Structures and functionalities 
- Characteristics and controls 

- Notable features and ratings 
- Strengths and weaknesses 

- Predominant applications 

The operation principles and characteristics of the different types of electric 

machines are explained using brief machine descriptions, diagrams, tables etc. In 

contrast to other documentations on electric machines complex mathematical 

descriptions are avoided wherever possible.  

The handbook approaches the machine description from the perspective of a 

machine user (e.g. developers of electrical drive systems). Qualitative statements 

are avoided explicitly since the performance of an electric motor depends strongly 

on the respective application purpose, electromagnetic design and control setups.  

Hints to internal structures and architectural details have been limited as far as 

they are not required for the general description of machines and their operations. 

This handbook focuses mostly on the motoring operation of an electric machine. 

However, all types of the machines in this handbook can also be operated as 

generators.  

The handbook follows a consistent structure. Each section uses the same 

documentation template, which enables the reader to quickly access the electric-

machine related information one might be interested in. Control algorithms are 

explained in combination with the machine type they apply to. Common basics for 

electric machines, specific in background information are gathered in the chapter 

“Lexicon”.  

The following handbook has been developed in close collaboration with  

Institute for Power Electronics and Electrical Drives (ISEA), RWTH Aachen 

University/Germany. 

The content of this handbook is based on data originating from  

- Lecture notes from ISEA 

- Technical books of electric machines 

- Freely accessible internet resources 

For quick orientation Table 1 gives a brief comparison between the different 

machine types. The statements refer to a typical design from each type. The 
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properties of a concrete machine depend strongly on the specific design, control 

method and application. All the pros and cons may not apply at the same time. 

This table cannot be used as the only criterion whether or not a motor type is the 

most suitable for a given application. 

IM PMSM SynRM DC BLDC SRM Stepper

Efficiency 

base-speed 
+ ++ + -- + - -

Efficiency 

field-

weakning

++ + o o -- + --

High-speed 

capability
++ + - o + ++ --

Torque 

density
o ++ + o ++ - +

Power density o ++ + - ++ ++ -

Control effort + - o ++ + -- ++

Maintenance 

demand
+ + + - + + +

Power factor + ++ o + ++ -- +

Cost o - + - - ++ o

Rotor inertia - o + - - + o

Noise ++ ++ + + - -- --

Torque ripple ++ ++ + ++ + -- -

 

Table 1: Comparison of different machine types 
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Induction machine (IM) 

Three-phase induction motors are also called asynchronous motors. They are the 

most commonly used electric machines. A set of typical arrangements is shown 

below:  

  
 

 

Figure 1: Induction motor with stator and 
rotor (1) 

 
Figure 2: Distributed winding inside stator 

 

 
 

Figure 3: Rotor of induction motor with slip-rings (2) 
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Laminations (Rotor Core):     Thin silicon steel (ca. 0.2~0.7 mm), reducing eddy-current losses. 

End-ring:                             Connecting rotor bars at both ends, which builds short-circuit. 

Rotor Bar:                            Rotor windings, usually made of copper or aluminum. 

Cooling Fan:                        Attached to shaft, rotating at shaft speed, cooling the frame. 

Ball Rings:                           Bearings between frame and rotor shaft. 

 

Figure 4: Squirrel-cage rotor for induction machine (3) 

 

Figure 5: Cross section of a squirrel cage rotor with drop shaped bars (4) 
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Structure and functional description 

Figure 1 shows the assembled arrangement of the stator and the rotor. The stator 

contains the excitation windings. An example is given in  

Figure 2, which shows a three-phase one pole-pair stator with distributed winding 

pattern.  

In general there are two types of rotors for induction machines: The squirrel-cage 

rotor (Figure 4) and the slip-ring rotor ( 

Figure 3). The rotor windings in the squirrel-cage rotor are short-circuited at both 

ends by means of the end-rings. In the slip-ring rotor the three-phase rotor 

windings are not short-circuited, but accessible through the slip-rings. External 

resistors can be connected to the rotor circuit, which improves the self-starting 

performance of the motor fed from three-phase grid with fixed frequency (see also 

Figure 7).  

A rotating magnetic field is produced by the stator windings, which are connected 

to the grid or an inverter. As long as the rotating speed is not equal to the speed 

of the magnetic field, current will be induced in the rotor windings. According to 

the Lorentz law, a magnetic force arises on the rotor, which results in a torque 

production on the shaft.  

Motor characteristics and motor control  

Common induction machines are directly connected to the grid. The typical torque-

speed characteristic at constant stator frequency and terminal voltage is shown in 

Figure 6. The synchronous speed corresponds to the rotating speed of the stator 

magnetic field. At synchronous speed, no torque is produced by the motor, 

because no current is induced in the rotor windings. If the rotor rotates at a lower 

speed than the stator field, the motor runs in motoring mode. Otherwise, the motor 

operates in generator mode. The maximum torque, which can be obtained at the 

motor shaft, is called pullout torque. The nominal torque is conventionally half of 

the pullout torque. The motor usually operates in the linear region between the 

positive and the negative nominal torque, which is marked by the green line.  

The difference between the rotor frequency and the rotating frequency of the 

magnetic field in the stator (𝑓stator) is defined as slip frequency 𝑓slip. Slip 𝑠 is the 

ratio between slip frequency and the stator magnetic field frequency, 𝑠 =
𝑓slip

𝑓stator
. The 

slip or the slip frequency is usually used to identify the operating point of the 

motor. When the rotor is in standstill, the slip is 1. While at synchronous speed, 

the slip is 0.  
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The electrical rotor frequency 𝑓rotor and the mechanical rotor frequency 𝑓mech are 

linked by the pole pair number 𝑝 by the equation 𝑓rotor = 𝑝 ∙ 𝑓mech = 𝑝 ∙
𝑛

60
s

min

 with the 

speed 𝑛 in rpm (rotations per minutes). Consequently, the electrical torque 𝑇e and 

the mechanical torque 𝑇mech are linked by the pole pair number 𝑝, too, by the 

equation 𝑇e =
1

𝑝
∙ 𝑇mech.  

In other words, a higher pole pair number leads to a higher mechanical 

torque 𝑇mech for the same electrical torque 𝑇e. At the same time, this leads to a 

lower mechanical rotor frequency 𝑓mech for the same electrical rotor 

frequency 𝑓rotor.  

The pole pair number is a machine constant and normally not changeable. 

However, there are machines with switchable pole pair number. This is usually 

realized by implementing two different windings systems in the stator, one for 

lower speed and one for higher speeds. For example, if the first winding system 

has a pole pair number of 2 and the second winding system a pole pair number of 

8, a speed spread factor of 4 is achieved. For a grid connected machine (𝑒. 𝑔.  50 Hz), 

this would lead to synchronous speeds of 1500 rpm for the winding system with 𝑝 =

2 and 375 rpm for the winding system with 𝑝 = 8. 

 

 

Figure 6: Torque-vs.-speed diagram of the IM (5) 

 

There are only limited control possibilities for grid-connected induction motors. The 

slip-ring rotor allows the connection of external resistors to the rotor circuit. The 

dependence of torque-speed characteristics on rotor resistance is shown in Figure 

7. The black arrow, pointing left, indicates an increasing rotor winding resistance 

in the pointed direction. Hence, increasing the rotor winding resistance leads to a 

higher starting torque. Figure 7 demonstrates an operating curve, indicated in 

blue, by means of three times resistor switching. Once the machine is running at 
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its normal operational speed, the external resistors are disconnected to reduce the 

rotor cage resistance and consequently the rotor losses. In Figure 7 the operation 

of the machine starts at standstill, which is zero rotor speed. It starts acceleration 

with nominal torque (intersection of the blue line with the torque axis on the left-

hand side) and switches the first time when the new configuration allows operating 

at nominal torque again.  

  

Figure 7: Influence of the rotor resistance (5) 

 

The starting torque of the squirrel-cage rotor can be increased by shaping the rotor 

bars. Figure 8 shows the motor characteristics of different rotor bar shapes. The 

change of the rotor resistance is caused by the influence of the skin effect at 

different slip frequencies. With increasing slip frequency, thus increasing slip, the 

skin effect leads to a changed current distribution in the conductors such that the 

current density is largest near the surface of the conductor. As a consequence, this 

leads to a different ohmic resistance of the conductor dependent on the slip and 

on the geometric shape of the conductors. 
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Figure 8: Influence of the shape of rotor bars (5), (6) 

In order to limit the starting current of the motor, star-delta starting can be used 

for grid fed induction machines. The induction machine is started in star connection 

and later switched to delta connection. This reduces the starting peak current to 

one third (see Figure 9). However, the starting torque is also reduced to one third. 

The switching from star to delta connection is commonly realized with contactors 

as shown in Figure 10. The contactor K1 enables the connection of the machine 

with the primary terminals U1, V1 and W1 to the grid. On startup, the contactor 

K2 has to be closed in order to establish a star connection of the machine. After 

startup, the contactor K2 is opened and the contactor K3 is closed at the same 

time instant. Hence, the delta connection of the phases is established. 

  

 

 

Figure 9: Star- and delta-connected IM (5) 
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Figure 10: Star-Delta-Switching using contactors (5) 

Today the induction machine is more often used as a variable speed drive (VSD). 

Usually a so called B6C full-bridge inverter is used to realize a VSD. Different 

control strategies exist for variable speed inverter-driven induction machines.  

In the past, mainly the rather simple voltage-to-frequency (V/f) control was used 

and it can still be found in many industrial drives (7). The main drawback is its 

limited dynamic performance. When keeping the ratio between stator voltage and 

stator field frequency constant, the torque curve can be shifted along the speed 

axis with constant stator flux and constant pullout torque as shown in Figure 11. 

This principle is easily realized in PWM-converters. The reference stator voltage 

amplitude as well as the reference stator frequency is calculated based on the 

torque reference and the measured speed of the machine. When the reference 

torque is kept constant, the ratio between stator voltage and stator field frequency 

are kept constant in such a way that the reference torque value is set independent 

of the actual rotor speed.  

Based on the reference values for stator voltage and frequency, the three-phase 

voltage values obtained. Figure 11 demonstrates the motor acceleration with half 

nominal torque. During the acceleration of the rotor, the stator field frequency is 

set to f1 at starting and increases to f2 and then to f3, so that the operating point 

always stays within the linear region on the current operating curve as depicted 

previously in Figure 6. 
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Figure 11: Torque for V/f control (5) 

 

Another control strategy for inverter-fed variable-speed drives is the “Field 

Oriented Control” (FOC), a type of vector control whose principles were developed 

around 1970 (8), (9). The name vector control originates from the basic principle 

of this type of control strategy. The time-dependent instantaneous three-phase 

system values, such as currents and voltages, are transformed into an orthogonal 

two-dimensional coordinate system by means of the Park transformation (7). This 

coordinate system rotates with the same frequency as the three-phase values. 

From this, the three AC quantities are reduced to two DC quantities which, in 

general, are much simpler to control. The two DC quantities can be represented 

as a “space vector” in the two-dimensional coordinate system. This transformation 

results in a controllability of torque of the induction machine that is similar to the 

DC machine. 

It is important to consider at this point, that for field oriented control, current is 

controlled in such a way, that the desired operating point is reached. 

Consequently, this operation principle differs from grid connected machine 

operation as shown in Figure 6. The torque-vs.-speed diagram is different as all 

possible (speed/torque) points in the operating range are accessible (refer to 

Figure 13).  

For field oriented control, the abscissa of the two-dimensional coordinate system, 

called direct axis, is aligned with the magnetic flux in the induction machine. This 

allows an independent control of flux linkage via the direct or 𝑑 current 𝑖sd and 

torque via the quadrature or 𝑞 current 𝑖sq. The total stator current 𝑖𝑠 is calculated 

to: 

𝑖𝑠 = √𝑖𝑠𝑑
2 + 𝑖𝑠𝑞

2 . 

 

Based on reference values of torque (Te
∗) and flux linkage (ψM

∗ ), which depend on 
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the actual machine parameters as well as on the operating point, reference values 

for d and q currents are calculated. They are compared to the measured d and q 

current values. A current controller, mostly a PI regulator, then calculates the 

reference voltages for d and q. They are finally transformed back to instantaneous 

three-phase coordinates to calculate the duty cycles for the inverter. The frequency 

of the reference currents (stator frequency) fstator
∗ = frotor + fslip

∗  is the sum of the 

electrical rotor frequency frotor, which is the mechanical machine speed times the 

pole pair number: 

𝑓rotor = 𝑓mech ∙ 𝑝 =
𝑛

60
s

min

∙ 𝑝 . 

In these equations 𝑛 is the rotational speed measured in rpm and 𝑓slip
∗  the reference 

slip frequency, which is a function of reference torque and reference flux linkage, 

the two input variables of the controller. In summary, the stator frequency is 

defined by the values of mechanical speed, pole pair number, reference torque 

and reference flux linkage. 

Based on the reference slip frequency and the mechanical rotor position, the 

angle 𝜃𝑀
∗  is calculated for the transformation of the reference currents 𝑑 and 𝑞 to 

the three-phase reference current values that the converter has to set. For 

completeness the overall principle is shown in the FOC control scheme in Figure 

12. 

The easiest way for normal motoring operation is to set a constant current 𝑑 to 

obtain a constant flux linkage in the machine. The current 𝑞 is set directly 

proportional to the torque command. As a consequence, even at zero torque 

request, the machine is fed with current to obtain the magnetization and, thus, 

flux linkage. This allows to ramp up torque at any time instant. Without flux linkage 

in the machine, no torque can be obtained at the motor shaft. 

 

 

Figure 12: Field-oriented control drive structure (5) (7) 

In motor mode, the induction machine is capable of delivering a constant nominal 

torque over a defined speed range called base speed until the nominal speed is 
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reached, see Figure 13. At this point, also called corner point, the machine reaches 

its nominal power and the induced back electromotive force (emf) in the machine 

reaches the same amplitude as the maximum output voltage of the inverter. The 

speed cannot be increased further at the same torque level as the currents cannot 

be increased. The base speed value depends on the maximum current and voltage 

limits as well as the induction machine’s electrical parameters. 

One possible solution to overcome this speed limit is the application of field-

weakening. The main idea is to reduce the flux linkage in the machine and, thus, 

the induced back emf. Using field oriented control, this is easily done by reducing 

the direct current reference value to reduce the flux linkage. The reduction of the 

direct current leads to an increased slip frequency at the same torque reference. 

Consequently, the stator frequency increases, too. 

With a reduced induced back emf, it is again possible to increase the speed further. 

However, the nominal torque is no longer reached as this would exceed the 

nominal power. Consequently, the speed dependent maximum torque values for 

speeds above the nominal speed are defined by the speed and the nominal power 

according to the equation for mechanical power: 

𝑃 = 2𝜋 ∙ 𝑇 ∙ 𝑛   or     𝑇 =
𝑃

2𝜋∙𝑛
 

In the torque-vs.-speed diagram (Figure 13), this operating range is clearly visible 

as the maximum torque decreases with inverse speed as indicated by the formula 

above.  

In Figure 13 a third speed range above the field weakening range is visible. This 

range is limited by the maximum theoretically available power which is defined by 

the pullout torque and in this range, torque is proportional with inverse squared 

speed, 𝑇~
1

𝑛2. This is due to the pull-out torque having the same proportionality. As 

operation near or even at pullout torque is normally avoided, this extended field 

weakening range is almost never used in practice.  
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Figure 13: Operating range of the induction motor (5) 

When the induction machine is operated as described above, it exhibits rather low 

efficiency in partial load as the nominal flux linkage is kept constant even at zero 

load. This results into the normalized stator current (current divided by nominal 

current) and power factor shown in Figure 14. This figure is valid for grid connected 

machines, too. The same behavior is depicted in the upper part of Figure 15, where 

the reference flux linkage, which is directly proportional to the magnetizing 

current, is shown dependent on rotor speed and torque. In the base speed region 

(below 𝑛 = 1500 rpm in figure), flux linkage and, hence, the magnetizing current is 

kept constant resulting in a low power factor at partial load. A way to optimize the 

partial load efficiency is to do field weakening as described above for speeds larger 

than base speed in the base speed region, too. The lower part of Figure 15 depicts 

this strategy: At partial load and, hence, low torque, the flux linkage reference 

value is reduced. This directly reduces the magnetizing current at these working 

points and leads to a higher power factor and efficiency. A downside of this strategy 

is a loss in machine dynamics as the creation of flux linkage depends on the rotor 

time constant which can easily be in the millisecond range.  
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Figure 14: Normalized current and power factor over torque (5) 

 

Figure 15: Constant (a) and optimized (b) flux linkage reference values over-speed and 

torque (5) 

 

Name plate data and derived characteristic values 

Induction machines usually provide its most important data on a name plate on 

the machine. An example is shown in Figure 16 with a numbering of the available 

parameters on the left and on the right. 
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Figure 16: Name plate of an induction machine (10) 

The information given on the name plate is as follows (10): 

Field 

number 

Symbol Description Remark 

1  Manufacturer  

2  Motor type Type designation of the manufacturer, can include 

size or pole number (here: 2 poles ⇔ 𝑝 = 1 pole pair) 

3 𝑉𝑁 Nominal voltage Line to line voltage 

4 𝑃N Nominal power Allowed continuous mechanical output power 

5 𝑛N Nominal speed  Speed at nominal torque load 

6  Isolation class Temperature stability of the winding (see “Lexicon” 

chapter) 

7  Efficiency class (see “Lexicon” chapter) 

8  Serial number  

9 𝐼N Nominal current At nominal voltage and nominal power 

10 cos(𝜑𝑁) Power factor Phase angle at nominal voltage and nominal power 

11 𝑓N Nominal frequency Grid frequency (e.g. 50Hz or 60Hz) 

12  Protection class Protection against intrusion of debris and water 

Table 2: Description of the name plate data of the induction machine (10) 

  

1 Motorenwerke ACME IE3 7 

2 ASM 100L-2 0123456 8 

3 Δ 400 V 5,76 A 9 

4 3 kW cos(φ)=0,86 10 

5 2890 rpm 50 Hz 11 

6 Isol. Kl. F IP 44 12 
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Based on these values, additional characteristic machine values can be derived: 

Formula Unit Description Example 

𝑛0 =
𝑓N ∙ 60

s
min

𝑝
 

rpm Synchronous speed or no-load speed 3000 rpm 

Ωmech = 𝑛N ∙
2𝜋

60
s

min

 
rad

s
 

Nominal mechanical angular speed 
302,6 

rad

s
 

𝑇N =
𝑃N

ΩN

 
Nm Nominal mechanical torque 9,9 Nm 

𝑃N,el = √3 ∙ 𝑈N ∙ 𝐼N ∙ cos (𝜑N) W Nominal electrical power 3432 W 

𝜂N =
𝑃𝑁

𝑃N,el

 
% Efficiency 87,4% 

𝑃loss,N = 𝑃N,el − 𝑃N W Losses 432 W 

𝐼active,N = 𝐼N ∙ cos (𝜑) A Active current 4,95 A 

𝐼reactive,N = 𝐼N ∙ sin (𝜑) A Reactive current 2,94 A 

Table 3: Basic formulas of the induction machine (10) 

 

Other types of induction machines 

The squirrel-cage and the slip-ring three-phase induction machine are the most 

commonly used induction machines. However, other configurations are available 

and will be shortly presented here. 

The doubly-fed induction machine is similar to the slip-ring machine. Instead of 

connecting resistors to a three-phase winding in the rotor, the windings are fed by 

an inverter. This machine type is commonly used as a wind turbine generator, see 

Figure 17, as an alternative to, for example, synchronous generators. Its main 

benefit is the possibility to connect the stator side of the generator directly to the 

grid instead of having to use a full-scale inverter for the nominal wind turbine 

power rating. The direct grid connection implies a constant electrical stator 

frequency. This constraint is fulfilled even with varying mechanical frequency. This 

happens, for example, when a gust of wind hits a wind turbine. By varying the 

frequency of the rotor winding supply, which has a much smaller power rating than 

the stator side, it is possible to keep the stator frequency constant at the grid 

frequency while the mechanical frequency rises during the wind hug. Another 

benefit of this machine type is that it is able to produce positive and negative 

reactive power and can, thus, be used to stabilize a grid.  

In Figure 17, one can easily identify the three-phase stator side connection to the 

grid. This is the main power output of the generator, which is driven by the rotor 

blades with a gearbox between rotor blades and the rotor side of the generator. 
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As described, the three-phase rotor winding is supplied by a grid connected 

inverter to allow a free setting of frequency and phase of the rotor currents. 

 

Figure 17: Doubly-fed induction generator connected to a wind turbine (11) 

Besides three-phase operation, induction machines are available to be used as a 

single-phase machine, too. As any electrical motor, the induction machine requires 

two fluxes with a phase angle greater than zero to produce torque (see “Lexicon” 

chapter for further explanation). In a single-phase, the AC supply leads to an 

alternating stator current in the winding (run winding) and, thus, to an alternating 

main flux. As the main flux interacts with the rotor it induces a current in the rotor 

which produces the rotor flux. At standstill, no torque can be produced without an 

initial rotation which is mechanically not possible due to standstill and electrically 

not possible due to the alternating but not rotating current / flux. A solution for 

this problem is the addition of a second winding (auxiliary winding) to the stator 

of the induction machine. This winding is connected to the grid with an additional 

external capacitor which provides a current phase shift compared to the current in 

the first winding. The addition of both, the flux from the first winding and the 

phase-shifted flux of the second winding, is a rotating flux which enables the 

single-phase induction machine to exert torque at standstill and, hence, to start 

up the machine. Once the machine is rotating, the auxiliary winding can be 

disconnected to increase efficiency and running smoothness of the motor as the 

rotation provides the phase shift between stator and rotor flux and, consequently, 

the production of torque. The rotation direction can be set by the position of the 

capacitor in front or behind of the auxiliary winding as can be seen in Figure 18. 

Once the motor has begun to rotate, it will accelerate until its stable operation 

point is reached. When connected to a load, e.g. a fan, this will be the point where 

the load torque is equal to the machine torque at a speed below base speed. 

Without any load, the machine accelerates until slightly below base speed, where 

a small torque is needed to compensate for the internal friction losses of the 

machine. 
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Figure 18: One-phase induction motor as capacitor motor (5) 

Notable features and ratings 

 Currently the most commonly used machine type in industry (12) 

Strengths and weaknesses 

 The IM has a good power factor of 0.75 – 0.9 (13) 

 The ratio of nominal speed to maximum speed for induction machines is 

between 3 to 5 due to its reasonable field-weakening range  

 High pull out torque compared to nominal torque (commonly a factor of 

around 2), allowing fast acceleration 

 High startup current for grid connected machines (may require star-delta-

switching or one of the other methods described in this section) 

 In contrast to permanent magnet synchronous machines, the induction 

machine is more efficient in field weakening operation. (7) 

 Lower efficiency compared to permanent magnet synchronous machine in 

base speed as all the machine flux has to be generated by exciting the 

windings (no magnets).  

 Generally lower efficiency than synchronous reluctance machines or 

permanent magnet synchronous machines as the induction machine has 

additional rotor losses (ohmic losses).  

Predominant applications 

The IM still is the most common industrial motor used today. It is used in the 

variants “direct grid connected” and “variable speed drive” for pumps, fans, trains, 

general automation etc. 
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In the future it will be replaced more and more by the synchronous reluctance 

machine (SynRM) for e.g. pump applications and permanent magnet synchronous 

machine (PMSM), due to higher efficiency of these two synchronous machine 

types. The induction machine continues to have its strength especially in 

applications with high field weakening operation. 
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Permanent magnet synchronous 

machine (PMSM) 

Synchronous machines can be divided into two subtypes, the salient and the non-

salient type of machine. Figure 19 shows a typical product example of a salient 

interior permanent magnet synchronous machine (IPMSM). An overview of the 

internal mechanical structure of both types - especially in comparison to an 

externally excited synchronous machine - is shown in Figure 20. 

  

Figure 19: Cross section of a salient interior permanent magnet synchronous machine 
(IPMSM) with distributed windings (14) 

 

              

Figure 20: Cross section of a salient externally excited synchronous machine [left], non-
salient surface mounted permanent synchronous machine (PMSM/SMPMSM) [center] and a 

salient interior permanent magnet machine (IPMSM) [right] 
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Motor structure and functional description 

Similar to DC machines, synchronous machines can provide torque when a rotating 

electromagnetic field and a constant field are standing still relative to each other. 

To develop a constant torque in a synchronous machine, the stator field must 

rotate synchronously with the rotor because the excitation winding and its field are 

fixed to the rotor. The field excitation winding is mounted to the rotor of the 

synchronous machine. The rotor is excited by a DC power supply via slip-rings 

(Figure 20, left) or, more commonly, by permanent magnets (Figure 20, center 

and right). 

As the rotor field rotates with the mechanical speed of the rotor, the stator winding 

must generate a rotating field. Consequently, the stator has to have a rotating 

field winding. In Figure 20 the winding direction (direction of current flow 

represented by the notion of a flying arrow) is shown by a “dot” (arrow head = 

coming out of the surface) and “cross” (arrow fletching = going into the surface) 

within the stator slots. The center and right figure both have a two layer three-

phase winding which allows an overlap of the adjacent phases and therefore also 

a sinusoidal stator field in the air gap.  

The d-axis (Figure 20 i.e. Ld) refers to the direct axis (main flux path axis i.e. 

normally in orientation of the permanent magnets) of a synchronous machine, 

while the q-axis (Lq in Figure 20) refers to the quadrature axis. Depending on the 

rotor geometry, the synchronous machine is either a non-salient type (Figure 20 

center) i.e. the stator inductance is not dependent on the rotor position or a salient 

type machine (Figure 20 right), where the stator inductance is dependent on the 

rotor position. In salient pole synchronous machines the stator inductance is rotor 

position dependent (Lq >> Ld), resulting in a reluctance force. The different 

inductances can be influenced by the rotor geometry and are due to the difference 

in magnetic properties of the materials used in the rotor i.e. magnets and air have 

a magnetic relative permeability µr of 1, while a µr electrical steel in in range of 

4,000-10,000. In addition, salient pole machines have a better field weakening 

capability due to their difference in d- and q-inductances. Due to the rotor saliency, 

IPMSM torque depends on both d- and q-current components. 

The surface mounted non-salient permanent magnet synchronous machine - with 

the machine’s diameter much wider than the machine’s length - is typical for hybrid 

electric vehicle application. The machine in automotive applications usually has a 

large diameter and small axial length because it is connected directly to the 

gearbox in the car (the motor typically has the same diameter as the gearbox). 

Figure 19 on the other hand shows a more common machine diameter to length 

ratio. This machine has distributed windings with interior permanent magnets 

inside the rotor causing a saliency and therefore also reluctance torque i.e. salient 

machine. 
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Concentrated and distributed windings 

Synchronous machines can either have distributed or concentrated windings. With 

concentrated windings all conductors are in one slot and span one pole i.e. have a 

span of one, as can be seen on the left side of Figure 21. Distributed windings have 

a span greater one. On the right side of Figure 21 for example, each winding spans 

three slots. Furthermore, concentrated windings of different phases do not overlap, 

while distributed windings do, as can be clearly seen here. Concentrated windings 

use less copper and much have shorter end windings compared to the rotor length. 

This also becomes obvious in the schematic sketches for both winding systems 

below. The concentrated windings can be built in a compacter way and are - 

because of less copper used – much cheaper in material and manufacturing costs.  

   

Figure 21: Concentrated (left) vs. distributed (right) winding system 

However, distributed windings are still the predominant winding type due to their 

superior performance, generally attributed to a lower harmonic content. The 

spatial (almost sine) waveform of their excited flux is significantly improved 

compared to concentrated windings. The distributed windings are wound in such a 

way, to produce a near constant rotating stator field. Due to increased cost 

pressure on motor manufacturing, the cheaper concentrated windings have 

become more popular.  

Motor characteristics and motor control  

The load angle describes the angle between the rotor and stator fields. Figure 22 

shows the sinusoidal dependency of torque on the load angle ϑ. This relationship 

is only valid when all voltages remain constant. The magnitude of the pull-out 

torque (maximum torque of the machine) can only be varied by changing the 



 Motor Handbook 27 
 
 
excitation current i.e. in a separately excited PMSM. If the excitation current is 

constant then the load torque will determine the load angle ϑ. In Figure 22 the 

dependence of the torque from the load angle is shown. If the two fields are 

perpendicular (ϑ= ±π/2°), the highest torque is produced. If the two fields are 

aligned (ϑ=0°), no torque is produced. From Figure 22 it can be derived that a 

static load torque, which would be larger than the pull-out torque, would force the 

load angle outside the stable operating area leading to a pole slip. In motor mode, 

the synchronous machine would come to stand still. In generator mode, the 

machine would accelerate and go in over-speed. 

 

Figure 22: Torque as a function of load angle at constant voltage operation (5) 

To operate a synchronous machine at different torque/speed-points, it is necessary 

to adjust voltage (or current) and frequency. An electrically excited machine can 

also control excitation current or excitation flux linkage i.e. influences the produced 

back emf. 

Modern drives with synchronous machines are mostly fed by frequency converters 

to generate a three-phase system with variable frequency and voltage (or current). 

Consequently, it is possible to control the speed and torque. 

Some control methods try to regulate the synchronous machine in a way, that the 

synchronous machine only requires active power or pure reactive power 

(synchronous compensator, inductive or capacitive). Some controllers maximize 

torque for a given stator current (maximum torque per Ampere). In the following 

different controls are mentioned in more detail. 
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Operation under active power control (non-salient PMSM with excitation 

windings) 

To maximize utilization of the inverter’s apparent power (kVA), synchronous 

machines can be operated at unity power factor i.e. cosφ = 1. With this control 

method, the installed power of the inverter can be fully utilized because no reactive 

power has to be delivered. This applies to non-salient synchronous machines with 

rotor excitation windings, because the rotor field excitation has to be controlled. 

Operation of permanent magnet synchronous machines 

The ability to change the excitation, i.e. the back emf voltage, is not available in 

permanent magnet synchronous machines. Consequently, the back emf voltage ui 

is proportional to rotor speed: ui ~ speed. Therefore, permanent magnet 

synchronous machines (PMSM) cannot be operated simultaneously with constant 

stator flux, maximum torque per ampere or maximum active power.  Active power 

operation i.e. cosφ = 1, is rarely used in PMSMs without excitation windings, 

because maximum torque cannot be reached. 

Operation at maximum torque per ampere 

To fully utilize the capabilities of the PMSM, a control algorithm which maximizes 

torque per ampere is mostly used. In this control, the maximum torque for a given 

back emf voltage is produced. A disadvantage of this control is the fact that the 

power factor cosφ is reduced because the stator flux linkage increases. 

Below base or nominal speed the stator current is controlled to remain in phase 

with the back emf. As a result, for a given excitation, determined by the permanent 

magnets, the highest torque for the least amount of current can be obtained.  

When speed increases, the inverter fed PMSM reaches its voltage limit at base 

(rated) speed. Further increase of speed is only possible when the field (from the 

permanent magnet) is reduced. This can be realized by phase shifting the stator 

current such that a negative d-component of current is produced. This d-

component current (so called flux producing component) reduces the total 

excitation field in the machine and, hence, the back emf. At higher speeds, it is 

necessary to phase shift the stator current such that the stator voltage remains 

constant. Depending on the stator current and speed, different power factors 

(cosφ) can occur. The power converter has to be designed for the worst case cosφ 

at maximum speed. 

Short-circuit operation 

An important characteristic of PMSMs is the fact that at non-zero speeds a non-

zero back emf voltage is induced in the stator windings by the permanent magnets. 

This effect can be utilized as an emergency brake to slow down the machine by 

short-circuiting the stator windings. On the other hand, this short circuit current 
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may overload the converter or even destroy power devices when short circuit 

ratings are not taken into account. The short circuit current value depends on the 

permanent magnet flux linkage, as well as the stator resistance and stator 

inductance and to a certain extent on the machine speed. The short circuit current 

reaches a limit at higher speeds (Figure 23). The inverter should be designed for 

this current to avoid failure. It should be pointed out that this short circuit current 

sometimes is lower than the rated current of the machine. Furthermore, the short 

circuit torque is proportional to the squared flux linkage divided by the stator 

inductance (Figure 23). 

   

Figure 23: Short circuit torque and current compared to rotor speed (5) (7) 

Field weakening region 

In addition to short circuit operation, a converter designer has to consider proper 

design of the converter for flux weakening. To reduce the field in the d-axis of the 

machine, the inverter has to inject a negative d-component.  

However, if this excitation drops out, e.g. due to a forced inverter shut down, then 

a very large excitation voltage (back emf) could lead to destruction of inverter 

diodes or capacitors in a voltage source inverter, because the magnetic flux in the 

machine suddenly becomes much higher than before. 

Trapezoidal control 

Also known as six-step control, this is the simplest algorithm. For each of the six 

commutation steps (in a three-phase machine), a current path is formed between 

a pair of windings, leaving the third winding disconnected. This method generates 

high torque ripple, leading to vibration, noise and poorer performance compared 

to other algorithms. 

Voltage-over-frequency control 

Also known as voltage-over-frequency commutation, sinusoidal control overcomes 

many of the issues involved with trapezoidal control by supplying smoothly 

(sinusoidal) varying current to the three windings, thus reducing the torque ripple 
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and offering a smooth rotation. However, these time-varying currents are often 

controlled using basic PI regulators, which lead to poor performance at higher 

speeds. 

Field orientated control (FOC) for PMSM 

Also known as vector control, FOC provides better efficiency at higher speeds than 

sinusoidal control. It also guarantees optimized efficiency even during transient 

operation by perfectly maintaining the stator and rotor fluxes. FOC also gives 

better performance on dynamic load changes when compared to all other 

techniques. 

Similarly to induction machines, PMSMs can be operated in field oriented control 

(FOC), allowing a decoupling of the torque and flux producing stator current 

components. As a result, the d-current component of the stator current can be 

considered as the flux producing component, while the q-component is torque 

producing. In the base speed region, this d-component is usually set to zero to 

minimize stator losses and inverter current ratings. In the flux weakening region 

of PMSMs, a negative d-component is necessary to reduce the field in the machine.  

When using FOC torque ripple is minimized and accurate motor control can be 

achieved at low and high speeds. 

For field oriented control the rotor position has to be known, resulting in either an 

absolute encoder, mounted on the rotor shaft or by using sensorless control 

algorithms which measure the back emf voltage to determine the rotor position. 

Today, synchronous servo drives are usually fed by a PWM voltage source inverter. 

The DC-link voltage source is converted by the inverter into a variable three-phase 

AC voltage. Both voltage and frequency can be controlled. When the synchronous 

machine has a field excitation winding an excitation chopper can be used to 

regulate field current. A simple step down converter connected to the DC-link can 

be used. 

Notable features and ratings 

 PMSMs are being used extensively in low power (0.1kW to 10kW) servo 

applications in automation systems, robots and tools. 

 PMSMs in range of 30-250kW see an increasing demand in hybrid and full 

electric vehicles as propulsion drives. 

 Electrically excited synchronous machines and PMSMs are and have been 

introduced in high-speed trains. However, as a cheaper alternative induction 

machines are still common and a solution often used. 

 PMSMs are used, where efficiency and weight has the highest priority, such 

as in the aerospace industry. 
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 The PMSM drive offers the advantage of low rotor losses and is attractive in 

those applications where rotor cooling is expensive. 

Strengths and weaknesses 

 Highest efficiency in base speed operation  

 Highest torque/weight ratio 

 The type of magnetic material used has a large effect on the overall machine 

price 

 Additional current is necessary for field weakening range, which usually 

leads to a lower efficiency at high speeds (compared to induction machine) 

Predominant applications 

 High efficiency drives (aerospace, automotive industry) 

 Some household applications with low cost ferrite magnets 

 Especially IPMSMs with concentrated windings, due to the reduced 

manufacturing complexity and cost, have become more popular in industry. 

Using concentrated windings, however, reduces the performance capability 

compared to a synchronous machine with distributed windings. 
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Synchronous reluctance machine 

(SynRM) 

The Synchronous Reluctance Machine (SynRM) is a subtype of the interior 

permanent magnet machine, but without permanent magnets. Therefore, the rotor 

has a salient structure similar to the IPMSM without the flux created by the 

permanent magnets (Figure 24). Thus, the machine only generates reluctance 

torque and does not use the Lorentz force. Furthermore, the machine 

characteristics strongly depend on the rotor design and how the flux barriers are 

placed within the rotor. The goal of the flux barriers, which usually consist of air, 

is to create a high Ld/Lq inductance ratio (which is a measure of how good the 

machine is at field weakening) and Ld-Lq (which is a measure of how much torque 

the machine can produce). The structure of the SynRM increases overall machine 

efficiency the closer the flux barriers of the rotor design follow the magnetic field 

lines. 

          

Figure 24: Cross section of a synchronous reluctance machine by ABB (15) (left), and a 
schematic cross section (right) 
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Figure 25: Magnetic flux paths within the synchronous reluctance machine with anti-
clockwise rotation (5) 

The SynRM is operated by the same converters used for synchronous and induction 

machines. Furthermore, the same control algorithms can be applied, as with the 

salient PMSM. 

In comparison to PMSMs, the power density of the SynRM is lower. In comparison 

to induction machines it is higher. Because the SynRM has lower losses compared 

to the induction machine (especially negligible rotor losses), it needs less cooling 

and therefore, can be built smaller (see Figure 26). 

Strengths and weaknesses 

 The synchronous reluctance machine has a higher efficiency than induction 

machines in base speed operation due to negligible rotor losses (Figure 26). 

 Due to lower rotor losses, the rotor temperature of the synchronous 

reluctance machine is lower compared to induction machines. The lower 

temperature can furthermore lead to a smaller build volume of the machine. 

 In contrast to induction machines and interior permanent magnet machines 

the SynRM has a very low ratio between base speed and maximum speed. 

Therefore, the machine has a limited region of constant power. 

 Synchronous reluctance machines are good for applications which operate 

in a single operating point, such as pumps and fans.  

 A benefit of the machine is its low rotor inertia, due to no magnets or rotor 

windings. 

 Avoidance of permanent magnets prevents from possible demagnetization 

and simplifies overall machine handling 

 In case of free-running loads or during maintenance there is no electrical 

induction as with permanent magnets and thus less protection efforts 

required 

 The SynRM has a lower power factor (cosφ) compared to a PMSM resulting 

in the necessity of a bigger dimensioned inverter 
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 Improved efficiency is mainly due to the missing ohmic losses within the no 

longer existing rotor windings; but partly neutralized due to required higher 

currents within the stator windings 

Predominant applications 

 Compared to the other machine types this machine is quite new to the 

industrial market and therefore is not widely established yet. 

 Companies like ABB are substituting their induction machines with 

synchronous reluctance machines mainly for pump applications, such as 

heating and air conditioning, as well as ventilation due to their higher 

efficiency and better power density (16). A brief ABB comparison (17) 

between a traditional induction machine and a modern SynRM on efficiency 

and power density highlights these obvious differences, which are shown in 

Figure 26.  

 

 

Figure 26: Comparison of efficiency and power density aspects for synchronous 
reluctance vs. induction machines (data originating from ABB (17)) 
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DC Machine 

  

Figure 27: Mechanical structure of permanent magnet externally excited DC motor; 
clockwise: fully packaged, decomposed, brushes and rotor (18) 

 
Figure 28: Simplified cross section of a permanent magnet DC machine with two 
possible commutator positions, right after (left) and shortly before (right) next 

commutation 

Motor structure and functional description 

Figure 27 shows a typical setup of a DC machine, consisting of the fully packaged 

motor housing as well as the permanent magnets on the stator, the rotor with the 

windings and the commutation brushes. The stator magnets create an separately 
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excited magnetic field for the machine. The rotor carries the rotor windings, which 

are fed by DC voltage via the commutator and brushes. Figure 28 shows a 

schematic cross section of a DC machine. It explains how the brushes contact the 

commutator and how the rotor field changes its direction depending on which 

brush contacts which commutator segment. Therefore, when the rotor turns, the 

direction of the field of the rotor changes depending on the actual brush contacted 

winding direction. As with each commutation the voltage is switched mechanically 

onto a new set of windings (inductance), sparking can occur. Sparking is especially 

an issue for higher currents and at high speeds: The brushes and the commutator 

could burn their electrical contacts and lead to end ring fire in the commutator by 

permitting current to leak. 

 

Figure 29: Schematic representation of an electrically excited DC machine (here: 
“separately excited”) 

The stator field can either be produced by permanent magnets (as shown in the 

figures before) or by dedicated DC windings, generating the required excitation 

field. Figure 29: shows a DC machine with excitation windings on the stator instead 

of permanent magnets. In contrast to permanent magnet based excitation this 

setup allows the excitation field to be regulated.  

The rotor of the machine is also called an “armature” and the rotor current 

therefore is called armature current. Due to the structure of DC motors, the 

excitation field and the armature field are orthogonal to each other. If both fields 

are independently adjustable such as in separately excited DC machines, 

independent torque and flux control can be easily applied to DC machines.  

The rotor of the DC machine has a current carrying conductor in which a magnetic 

field is produced. In order to feed the armature current into the rotating rotor, 

brushes are needed. In most cases brushes are small carbon blocks which are 

pressed by a spring against the commutator (copper contact area) of the rotating 

rotor. The commutator changes the direction of the armature current during the 

rotation (see Figure 30), so that the armature field is always orthogonal to the 

excitation field (more detail can be found in “Lexicon” section for torque 

production). 
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To reduce the sparking at the brushes, compensation windings are used in large 

DC machines as shown in Figure 30. These windings are placed near the North (N) 

and South (S) poles of the stator. Their task is to reduce the stator field at the 

commutation pole, therefore reducing the induced sparking, when the brushes 

commutate. As the main stator field is dependent on the armature current 

amplitude and direction, the armature current is used in the compensation 

windings, too. 

 

Figure 30: Compensation windings and commutation pole of a separately excited DC 
machine (5) 

Brush life 

“As an estimate, 7500 hours brush life could be considered normal for general 

purpose, medium horsepower DC motors with good commutator film operating 

with commutator surface speeds in the range of 2500 to 4000 rpm. The minimum 

life might be 2000 to 5000 hours with 10000 hours being about maximum. It is 

not uncommon however, for motors with light or variable loads, such as machine 

tool motors, to have brush life that is less than 2000 hours. Brush life is even 

further reduced at higher commutator surface speeds. As a rule of thumb, brush 

life at 3600 rpm is half that at 1800 rpm. Brush life is also affected by load.” (19) 

The direct connection between brush life and rotor speeds explains why brushed 

DC machines are most commonly found in lower speed (<10,000 rpm) 

applications. 

Motor characteristics and motor control  

DC-motors can be separated into three types:  

 Separately / externally excited  

 Series wound  

 Parallel wound DC machines. 
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The previously mentioned permanent magnet based DC-motor is a subtype of the 

separately excited DC-motor, which has no flexible control of the stator provided 

excitation field and is therefore much simpler in structure. 

 

Figure 31: Overview of the three different DC-motor types 

The following sections are discussing the specific setups and the resulting 

characteristics of the individual DC-motor types in greater detail. 

Separately excited DC machine 

An externally or separately excited DC machine consists of two electrical circuits: 

The armature circuit (left side) and the field circuit (right side) are depicted in the 

equivalent circuit diagram in Figure 32. The field circuit consists of a winding, which 

has an inductance LF and an ohmic resistance RF. A voltage is not induced in the 

field winding, since it does not move in a magnetic field. The armature circuit is 

represented by a coil with its corresponding resistance RA and inductance LA. In 

addition, a voltage source ui is included in the equivalent circuit that represents 

the induced back emf voltage. Voltage ui is directly proportional to the machine 

speed and describes the counter induced voltage due to the rotating rotor field 

(see “Lexicon” chapter for back emf). 

 

Figure 32: Separately excited DC machine (5) 

This machine is widely used in servo drives because the excitation field and the 

armature current can be controlled independently. 

When controlling the separately excited DC machine, normally, the flux is kept 

constant. The characteristic is, thus, a straight line with a negative slope which 

depends on the armature resistance RA, as visible in Figure 33. With increasing RA, 

the characteristic lines in Figure 33 become less steep. Hence, the speed drops 
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faster with increasing load torque. A good machine should have a small armature 

resistance so that a more rigid torque-speed characteristic is obtained.  

 

Figure 33: Torque-speed characteristic curves of a separately excited DC machine (5) 

 

Speed control of separately excited DC machines 

The speed of a separately excited DC machine can be varied, by either changing 

the terminal voltage of the armature UA or by keeping UA constant and changing 

an additional external resistor in the armature circuit or by changing the flux φ in 

the machine by controlling the field excitation voltage UF. The field excitation 

voltage UF can be regulated by using a separate electronic rectifier/ converter/ 

buck-chopper. Therefore, the flux in the machine is changed. The lower the flux, 

the higher the speed of the machine. However, again at a reduced torque level, 

the output power at the shaft is kept constant. The torque of the DC machine is 

directly proportional to the armature current IA and the flux φ in the machine. 

Speed can furthermore be controlled by changing the armature voltage, when 

there is a separate source supplying the field current. This method avoids 

disadvantages of poor speed regulation and low efficiency of armature-resistance 

control methods. Armature-resistance control adds additional resistances into the 

armature circuit to change the armature current. However, these resistances cause 

additional losses.  

Series wound DC machine 

If the field winding is connected in series with the armature winding, then a series 

wound machine is obtained (Figure 34).  
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Figure 34: Series wound DC machine (5) 

To determine the torque-speed characteristic of the series wound machine, one 

has to recognize that the flux in the machine is proportional to the armature 

current (φ ~ IF = IA). Additionally, it is assumed that no saturation in the machine 

occurs, which results in the following characteristic: 

 

Figure 35: Torque-speed characteristic curve of the series wound machine (5) 

The shape of this characteristic is very typical, therefore this kind of characteristic 

is frequently referred to as the series wound machine behavior. The machine 

produces its maximum torque at zero speed. When the machine accelerates its 

torque drops drastically with increasing speed. Series motors may not be operated 

without a load, as they will accelerate until over-speed (mechanical destruction)! 

Whenever the machine is unloaded (torque = 0), then the machine accelerates to 

very high speed (eventually even over-speed). With series motors the speed is 

totally dependent on the load. The load is inversely proportional to the speed of 

the armature. If the load is high, the armature will rotate at a low speed. 

The series-wound machine can also be operated with alternating current. When 

the armature current IA changes direction, the field which is developed by IA also 

changes similarly. Thus, the direction of the torque remains the same. However, 

eddy currents are induced in the iron of the machine by the alternating flux, 

producing additional losses. Therefore, the flux conducting iron of such a machine 

must be made of thin lamination sheets which are isolated from each other.  

Speed control of series DC machines 

An easy method to control speed is by keeping the armature voltage constant and 

by changing the armature resistance. A disadvantage is the additional losses 
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generated in the resistance. By adding a resistance the armature current decreases 

and thus the machine speed too decreases.  

Another speed control method can be achieved by adjusting the armature voltage. 

This method is advantageous as no additional losses are generated in the 

resistance. 

Shunt or parallel wound machine 

In a shunt wound DC machine, the field winding is connected in parallel to the 

armature circuit so that armature voltage UA and excitation voltage UF are equal. 

In shunt- and separately-excited motors, the field flux is nearly constant. 

Consequently, increased torque must be accompanied by a very nearly 

proportional increase in armature current and hence by a small decrease in back 

emf. Since back emf is determined by flux and speed, the speed must drop slightly 

as visible in Figure 36. 

Today, the shunt machine is rarely used in industrial applications. This machine 

type can be used where a constant speed is required and the starting torque does 

not have to be that high such as in fans, blowers or centrifugal pumps.  

 

Figure 36: Parallel wound DC machine (5) 

The torque-vs.-speed characteristic of a shunt wound DC machine is already shown 

in Figure 33. The characteristics are the same, because for the separately excited 

DC machine a constant flux is assumed at a certain armature voltage UA. In the 

shunt wound machine this is always the case. With increasing speed the torque 

decreases. 

The shunt wound motor has the ability to self-regulate its speed when the machine 

rotor is loaded. Unlike series motors, the speed of the shunt motor is independent 

of the shaft load. As the load to the motor increases, the speed of the motor slows 

down instantaneously. Slowing down the speed reduces the back emf, which in 

turn increases the current in armature branch. This results in the increase of the 

motor speed. On the other hand, if load is decreased, then motor speed will rise 

instantaneously. This in turn will increase the back emf, thus reducing current to 

the motor. Gradually the motor will reduce its speed. As a result, the DC shunt 

motor is capable of maintaining a constant speed irrespective of load changes. 

Because of this feature the motor is used where fine precision of the motor speed 

is required (20). This can also be achieved with a separately excited DC machine, 

when the field flux is regulated to a constant value. 
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Speed control of shunt wound DC machines 

In “field resistance control” speed variation is accomplished by means of a variable 

resistance inserted in series with the shunt field. An increase in the controlling 

resistance reduces the field current IF which leads to a reduction in the flux and an 

increase in speed. This method of speed control is independent of load on the 

motor. Power wasted in controlling resistance lower compared to the controlling 

resistance in the armature path, as the field current is a small value compared to 

the armature current IA.  

The maximum speed is reached at the minimum value of flux, which also means 

that top speeds are only obtained at reduced torque. 

In “armature resistance control” the armature circuit has an additional variable 

resistance. Field is directly connected across the supply (Figure 36) so flux is not 

changed due to variation of series resistance. This method is used in printing press, 

cranes and hoists, where speeds lower than rated are used for a short period only 

due to the additional losses in the resistance (21). 

Operating limits of DC machines 

In the following, the steady state operating limits of the separately excited DC 

machine are considered. The separately excited DC machine can be operated in all 

four quadrants if a suitable inverter is used (see  

Figure 40). In Figure 37 the continuous operation in the first quadrant (torque 

T > 0 and speed n > 0) can be seen. The armature resistance is neglected when 

discussing the electrical and mechanical quantities in this consideration. However, 

when discussing thermal limits of a machine, the winding resistance cannot be 

neglected, otherwise there would be no DC-losses due to the armature current. In 

the base speed range (<nN), or the armature control range, the flux φ is kept 

constant at rated value (k∙φ = const., k is a machine specific constant), therefore 

torque is proportional to the armature current IA and the induced voltage Ui is 

proportional to speed: Torque ~ IA  and Speed ~ Ui. In base speed the thermal 

limit of the machine is Ia = Ia,N which is the nominal armature current and therefore 

the maximal current which also limits the nominal torque TN ~ Ia,N = const. Below 

base speed, the armature current can be adjusted continuously up to its maximum 

rated value IA,N. Hence, rated torque can be obtained in the whole base speed 

range. Accordingly, the armature voltage UA increases linearly with speed similar 

to the induced voltage ui. 

Starting torque and maximum torque are limited by the armature current that can 

be successfully commutated. 

The mechanical power Pm is proportional to the speed n and torque i.e. rises in 

base speed region linearly with speed (torque is constant at maximum value).  
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Figure 37: Operating limits of the separately excited DC machine (5) 

The limit of the mechanical power can be calculated by: 𝑃m,N = 𝑇N ∙ 2𝜋 ∙ 𝑛N. This is 

reached at nominal speed nN. At nominal speed nN the induced voltage ui reaches 

the armature voltage UA minus the voltage drop over the armature resistance as 

can be determined from the voltage loop from the equivalent circuit in Figure 32 

i.e. ui ≈UA -RA∙iA. To further achieve higher speeds i.e. beyond rated speed, one 

has to reduce the field k∙φ (field weakening range). The substantial advantage of 

such a control principle is the possibility to increase the speed range for a given 

drive configuration without over-sizing the machine and the converter. However, 

a field current regulator is necessary. Within field weakening range (speed > nN) 

the machine can be operated at constant power Pm i.e. Torque reduces proportional 

to 1/speed. In field weakening range the machine flux is reduced such that the 

induced voltage Ui,N, which is proportional to flux ∙ speed Ui ~φ∙n, and the armature 

voltage Ua are kept at their individual maximum values. 

Operating the machine at even higher speeds (nk) in combination with full rated 

current, can lead to an increased sparking under the brushes (incorrect 

commutation). In order to ensure good commutation at higher speeds, the 

excitation should not fall below a minimum value and the armature current must 

be reduced. To reach these high speeds, the armature current Ia has to be reduced, 

which allows the further increase of the induced voltage Ui up to the armature 

value Ua. The reduction of the armature current Ia in turn reduces the maximum 

machine torque and therefore also the mechanical power Pm. 
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Converter operated DC machines 

In modern drives, the armature voltage is electronically controlled by converters 

or DC choppers. Using a buck chopper, the armature voltage can be adjusted from 

zero to DC link voltage UB (source voltage). The application of positive armature 

voltage enables a positive speed of the DC machine, while the positive armature 

current Ia results in a positive torque i.e. first quadrant operation (positive torque 

(T) and positive speed (n) control as shown in  

Figure 38. If only a buck converter is used, the DC machine cannot operate in 

generator mode i.e. the current can only flow from the DC link UB into the machine 

(Ia >0), furthermore, the DC link voltage has to be larger than the armature 

voltage Ua. In  

Figure 38 the excitation field is controlled by a DC/DC converter enabling flux 

control if the excitation voltage Uf of the DC machine can be controlled. It is also 

possible to keep the field excitation constant and only control the armature voltage 

via the buck chopper. 

 
 

Figure 38: Separately excited machine 
with buck chopper (5) 

 
 

Figure 39: Separately excited machine with 
boost chopper (5) 

 
 

Figure 40: Separately excited machine 

with 4 quadrant converter (5) 

 
 

Figure 41: Separately excited machine in 

single-phase net (5) 

 

If a boost chopper is used, the DC machine can only be operated as a generator ( 
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Figure 39). Here, the induced voltage Ui by the machine and thus the armature 

voltage Ua is larger than the DC link voltage UB, allowing a current flow into the 

DC link UB i.e. Ia < 0. This allows still positive speed values (as Ua is positive), 

however, the negative armature current results in a negative torque, which allows 

operation in the 4th quadrant (negative torque, positive speed). 

Using a 4 quadrant converter (combination of buck- and boost-chopper) in the 

armature circuit, the DC machine can be controlled and operated in all four 

quadrants i.e. as a motor and generator as shown in  

Figure 40. The 4 quadrant converter allows positive and negative armature voltages 

allowing positive and negative machine speed, as well as positive and negative 

armature currents enabling the DC machine to produce positive and negative 

torque. In  

Figure 40 the field excitation is accomplished by using a buck converter. This allows 

the field current and thus the machine flux to be controlled. The excitation voltage 

here can only be positive. 

If a separately excited DC machine is operated in a single phase AC network, the 

AC voltage can be rectified directly into a DC voltage as shown in  

Figure 41. Furthermore, here, the field excitation is rectified AC/DC and then 

controlled with a buck chopper, allowing flux and therefore also speed control in 

the DC machine. 

Notable features and ratings 

 In the past, universal machines were applied for variable speed drive 

applications. Nowadays, DC machines are being replaced by induction 

drives, as induction machines are a cheap alternative and do not have slip-

rings and therefore reduced motor maintenance. Another benefit of 

induction machines is their commonly higher efficiency compared to DC 

machines, however, more power electronics is necessary to control the 

drive. 

 DC machines are more common in the smaller power range i.e. domestic 

appliances <1kW, with speeds below 10,000rpm. There are however small 

~100W DC motors with higher speeds (~20,000rpm) 

 Permanent magnet excitation can be found in the low power machines 

<5kW.  

 1MW DC machines do exist, whereas the mass market of DC machines is 

found in the power range below 10kW.  



 Motor Handbook 46 
 
 

Strengths and weaknesses 

 The DC machine is very easily controllable i.e. low expenditure of power 

electronics and minimal need of microcontroller power. 

 A weakness of this machine type is its increased maintenance demand and 

reduced lifetime due to the mechanical commutator i.e. the graphite brushes 

have to be replaced. 

 The mechanical commutation can furthermore cause electromagnetic 

interference due to sparking.  

 Because DC motors have mechanical brushes, they are used in 

environments with rather clean air, as not to cause cogging which increases 

the risk of brush / commutation failure.  

 Today, the various possibilities of digital logic (complex controls) and 

declining prices of semiconductor devices are responsible for the 

replacement of conventional DC machines by constant low-maintenance 

machine types i.e. induction and synchronous machines.  

Predominant applications 

A large number of DC machines are produced in the form of universal motors 

(series wound machine), because it can be simply and economically operated in 

single phase grids. The series DC motor is used where high starting torque is 

required, and variations in speed are possible.  The universal machine (series DC 

motor) is used in many single phase AC household appliances, such as washing 

machines, mixers, vacuum cleaners and in hand-held power tools. They are also 

found in industrial equipment i.e. air compressors, traction systems (fork lifts). 

Often used in appliances which are only used intermittently i.e. food mixer, power 

tools.  

The separately excited DC machine is still used especially as a position control 

drive in low power servo applications because the excitation field and armature 

current can be controlled independently. As well as for applications with higher 

starting torque and fairly constant speed, for example conveyors, elevators, rolling 

mills. However, due to efficiency and reduced motor maintenance many of the DC 

machines are being replaced by variable speed AC drives (mainly induction 

machines). 

The shunt wound motors can be used where constant speed is required and 

starting conditions are not severe. Applications are for example fans, lifts, cranes, 

centrifugal pumps.  
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Brushless DC machine (BLDC) 

BLDC motors are also referred to as electronically commutated motor. As with 

mechanical commutation, the electronic commutation helps in achieving 

unidirectional torque similar to a conventional DC machine. In BLDC machines the 

rotor consists of permanent magnets, while the stator is wound with a specific 

number of poles. Often BLDC motors are produced as outer rotor type machines. 

The example in  

Figure 42 shows such a typical BLDC motor, here taken from electrical boat 

propulsion, with inner stator and permanent magnets on outer rotor. In contrast  

Figure 43 shows the schematic structure of a BLDC motor with inner rotor and 

windings on each outside pole.  

  
 

  
 

Figure 42: BLDC motor with inner stator 
and permanent magnets on outer rotor 

bell (22) 

  
 

Figure 43: Inner rotor / outer stator BLDC 

motor schematic  

 

The essential difference to the conventional DC machine is that the commutation 

is performed electronically by a controller rather than mechanically by brushes. 

The windings are connected to a control circuit, which energizes the windings such 

that a rotating field is generated. The rotor magnet tries to align with the stator 

field providing torque and thus motion (23).  

The BLDC machine structure is essentially a permanent magnet synchronous 

machine (PMSM) with concentrated windings. Commonly the machine is also 
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known as a PMSM with surface mounted magnets and concentrated windings; 

however, in some industries the term BLDC is more established. 

Motor characteristics and motor control  

“The advantages of internal rotor BLDC motors lie in their low rotor inertia and the 

superior dissipation of lost heat. In contrast, for external rotor motors the heat-

generating coils are insulated against their environment by the rotor housing and 

magnets (see  

Figure 42). External rotor motors display their advantages in mass-produced 

applications, because they can more inexpensively manufactured. They can also 

be made shorter and usually have lower standstill torque (holding torque), as well 

as a higher torque thanks to the larger rotor diameter, at the same magnetic force” 

(24) 

Generally speaking, all control algorithms designed for synchronous machines with 

concentrated windings can also be applied to BLDC motors. In the following the 

most common control algorithms are shortly presented (for more detail, refer to 

the “Lexicon” chapter of this book). 

Trapezoidal control or block commutation 

Also known as six-step control, trapezoidal control is the simplest algorithm. For 

each of the six commutation steps (in a three-phase machine), a current path is 

formed between a pair of windings, leaving the third winding disconnected. This 

method generates high torque ripple, leading to vibration, noise and poorer 

performance compared to other algorithms. 

In contrast to common synchronous machines (which are controlled with sine wave 

voltages), traditionally BLDC motors are controlled with a block shaped voltage 

(trapezoidal shaped current). In Figure 44 a typical control scheme is shown. The 

three-phase BLDC motor has three hall sensors (H1 to H3), which act as the 

position sensors and in case of a BLDC motor also as the switching signals 

(indicated as “Hall1”, “Hall2” and “Hall3” in Figure 44).  

As soon as the rotor passes the hall sensor, the controller switches the DC voltage 

to the next phase (“A”, “B” or “C”). Therefore, the control algorithm is rather simple 

and requires only a lightweight microcontroller for algorithmic execution.  As 

shown in Figure 44 the voltage has a rectangular shape. This rectangular voltage 

shape results in a trapezoidal current and back emf shape in the machine. 
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Figure 44: Control of a BLDC motor with Hall sensors (left), exemplary hall sensor output 
and back emf waveforms (right) (25) 

The disadvantage of block commutation is that due to the discrete switching 

between the phases, the stator and rotor field are not always perpendicular to each 

other. This results in a lower torque than would be achievable with another control. 

Furthermore, block commutation causes a torque ripple with six times (in three-

phase machines) the frequency of the electrical rotary frequency of the motor. This 

leads to vibrations and disturbing acoustic noise. Especially at low speeds the 

motor will not rotate uniformly. This is why block commutation is not suitable for 

slow turning (less than 10% of nominal speed nN) applications. 

Sinusoidal control 

Also known as voltage-over-frequency commutation, sinusoidal control overcomes 

many of the issues caused by trapezoidal control. It supplies smoothly (sinusoidal) 

varying current to the three excitation windings, thus reducing the torque ripple 

and leading to a smooth rotation. However, these time-varying currents are 

controlled using basic PI regulators, which cause poor performance at higher 

speeds. 

“The optimum form of energization is the sinusoidal commutation, whereby each 

winding of the motor is powered with a sine wave shifted by 120°, resulting in a 

continuously rotating stator magnetic field with constrain strength. In case of load 

changes between two hall sensors, the sine wave cannot be adjusted, however, 

resulting in incorrect positioning of the magnetic field. This can only be corrected 

with the next hall sensor signal. The sinusoidal commutation therefore ideally 

requires a higher resolution system for determining the rotor position. Normally, 

this consists of an optical or magnetic encoder that determines the position of the 
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rotor with sufficient precision at all times and correspondingly adjusts the current.” 

(24) 

Field orientated control (FOC) 

Also known as vector control, FOC provides better efficiency at higher speeds than 

sinusoidal control. It also guarantees optimized efficiency even during transient 

operation by perfectly maintaining the stator and rotor fluxes. FOC also gives 

better performance on dynamic load changes when compared to all other 

techniques. (for more information see section “Synchronous machines control”) 

Sensorless control 

Instead of using hall sensors in the stator (or encoders on the rotor), the back emf 

can be measured and used to determine the rotor position and therefore the 

switching signals of all phases. How the output of the hall sensors and the back 

emf match is shown in Figure 44 on the right. It is clear that the switching position 

can be determined when the back emf is known. This type of sensorless control is 

quite simple. A more sophisticated method to determine the rotor position is 

possible whereby for example current is measured. The core of this type of system 

is a precise motor model, which is used in parallel to the real motor and calculates 

the expected control values. The expected control values are then compared to 

measured quantities. “The result is a ‘virtual encoder’ that delivers the position 

and speed information, beginning at a certain minimum speed, with the same 

precision as an actual optical or magnetic encoder.” (24) 

“What both sensorless methods have in common, is that no information on the 

rotor position is available when idle, thus a special startup method is required. 

Similar to a stepper motor, the motor is operated in a controlled mode for several 

commutation cycles until it has attained the required speed and the sensorless 

measurement can determine a rotor position.” (24) 

Strengths and weaknesses 

 Higher efficiency compared to brushed DC machines. 

 Longer lifespan, lower maintenance, no sparking issues with the mechanical 

commutator. 

 Higher cost and more complex circuitry as an additional controller is 

required. 

 Higher torque per weight than conventional DC machines. 
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Predominant applications 

 CPU cooling fans, CD/DVD players, air-conditioning fans, compressor pumps 

scale models. 

 Predominantly used in lower power (<20kW) applications. 
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Switched reluctance motor (SRM) 

A Switched Reluctance Motor (SRM) is a cost-efficient motor without need of 

expensive rare-earth materials.  

Motor structure and functional description 

 

 

 

 

Figure 45: A 3 phase, 2 pole pair, 8-6 SRM 

(26) 

  

Figure 46: Rotation caused by reluctance 
force 

 

SRMs have a very simple structure as shown in  

Figure 45. Both the stator and the rotor have salient poles. There is no permanent 

magnet or other external excitation in a SRM. Concentrated windings are usually 

used for the stator. The relationship between the number of the stator teeth 𝑁𝑠, 

the magnetic pole pair number 𝑝 and the number of the electrical phases 𝑁𝑝ℎ for 

SRMs is written as: 

 

𝑁𝑠 = 2𝑝𝑁𝑝ℎ 
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Phase number 1 2 3 4 5 

Number of stator 
teeth 

2 4 4 8 6 12 18 8 16 10 20 

Number of rotor 
teeth 

2 4 2 4 4 8 12 6 12 8 16 

Number of pole 
pairs 

1 2 1 2 1 2 3 1 2 1 2 

 
Table 4: Typical SRM machine configuration (7) 

SRMs with higher phase numbers are rare, since this will increase the number of 

switches needed in the converter.  A limiting factor for higher teeth number is the 

machine diameter due to the space needed by the teeth. Hence, only SRMs with a 

large diameter are candidates for higher teeth numbers. 

 

Figure 47: Continuous rotation of switched reluctance motors (5) 
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Unlike other types of motors, the torque generation of SRMs is based on reluctance 

force, which is explained in the “Lexicon” chapter. In Figure 46, only the few darker 

colored coils are excited at a point in time. The rotor will be pulled towards the 

dark colored coils, which causes a rotation of the rotor. It does not matter in which 

direction the current flows, since the generation of the reluctance torque is 

independent on the direction of the flux. A continuous excitation of different phases 

leads to a continuous rotation, which is shown in Figure 47. 

Motor characteristics and motor control 

Torque-speed characteristics 

The SRM can be operated as a stepper motor, which is explained in the chapter 

“Stepper motor”. For traction applications, the current hysteresis control is used 

for low speed and the single pulse control is used for high speed. Both control 

strategies will be introduced later. The torque/power over-speed curve can be seen 

in Figure 48. It is very similar to other kinds of motors. Below the base speed, 

maximum torque is given by the current limit of the winding. Beyond the base 

speed, voltage becomes the limiting factor due to the high back emf.  

 

Figure 48: Torque and power over-speed curve of a SRM (7; 5) 
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Equivalent circuit 

  

Figure 49: Equivalent circuit of one phase of a switched reluctance machine (7) 

The single-phase equivalent circuit of an SR motor is represented by a series circuit 

(Figure 49), which consists of an inductance 𝑙(𝑖, 𝜃𝑚), a stator winding resistance 𝑅 

and a voltage source 𝑒(𝑖, 𝜃𝑚)𝜔𝑚 which is proportional to speed (back emf). It is 

noted that the inductance is a strong non-linear function of rotor position 𝜃𝑚  and 

stator current 𝑖. Therefore, the accurate value of the inductance can only be 

calculated using finite element method or measured on the test bench. The voltage 

𝑢(𝑖, 𝜃𝑚) changes due to the switching of the power modules. The sequence of the 

switching is usually determined depending on the rotor position and stator current, 

which will be further explained in the control strategy section on “Current hysteresis 

control”. 

Converter topology  

  

Figure 50: SR drive with asymmetric half-bridge converter topology (7; 5) 

A commonly used converter for switched reluctance drive utilizes two switches per 

phase. This topology is referred to as an asymmetrical half-bridge converter 
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(Figure 50). The drive has three basic modes of operation, which are shown in 

Table 5. The value ‘1’ in the table means that the switch or the diode is conducting.  

 

 

Table 5: Switching states and resulting phase voltage of asymmetrical half-bridge (7; 5) 

 

A detailed description of the different modes is given below: 

 Mode 1, magnetization state: both switches 𝑆𝑏 and 𝑆𝑡  are closed, while the 

diodes 𝐷𝑏 and 𝐷𝑡 remain non-conducting. The phase voltage 𝑢 is equal to the 

supply voltage 𝑢DC and the supply current 𝑖𝑠𝑢𝑝𝑝𝑙𝑦 is equal to the phase current 

𝑖. Energy from the supply source is transferred to the load and to the 

magnetic energy reservoir stored in the inductance.  

 

 

 

 

 

 

 

 

 

 

 

Figure 51: Current flow of the magnetization state (5) 

 Mode 2, free-wheeling state: switch 𝑆𝑏 is closed and 𝑆𝑡 is open. The diode 

𝐷𝑏 is conducting and 𝐷𝑡 is non-conducting (or vice versa, i.e., there are two 

free-wheeling states). The phase voltage 𝑢 is equal to zero and the supply 

current 𝑖𝑠𝑢𝑝𝑝𝑙𝑦 is also zero. The supply source is disconnected from the 

machine. Thus the energy stored in the magnetic field is transferred to the 

load. Therefore the torque production continues. The two variations of free-

wheeling state are usually used in turn to balance the thermal stress of 

modules.  

S t S b D t D b u

Mode 1: 1 1 0 0 u DC

Mode 2: 1 0 1 0 0
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Mode 3: 0 0 1 1 -u DC for i  > 0
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Figure 52: Current flow of the free-wheeling state (5) 

 Mode 3, de-magnetization state: both switches 𝑆𝑏 and 𝑆𝑡are open, while the 

diodes 𝐷𝑏and 𝐷𝑡 are conducting. The phase voltage 𝑢 is equal to 𝑢𝐷𝐶 and the 

supply current 𝑖𝑠𝑢𝑝𝑝𝑙𝑦 is equal to 𝑖. This mode of operation can only persist 

for as long as the phase current is greater or equal to zero. Energy from the 

magnetic reservoir is transferred to the load as well as the supply. 

 

 

Figure 53: Current flow of the de-magnetization state (5) 

 

Rotor position 

As shown in Figure 54, one electrical period (360° electrical degrees) for phase A 

is defined as the motion of the rotor from unaligned rotor position (left part of the 

figure) across the aligned position (middle part) to the next unaligned position 

(right part) again. Unaligned rotor position for phase A is defined as the position 

with maximal air gap, which means at this position the magnetic reluctance is 

maximal and inductance is minimal.  
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In contrast, at aligned rotor position, the magnetic reluctance of phase A reaches 

its minimum and the inductance reaches its maximum. This electrical cycle repeats 

four times in a mechanical revolution for SRMs with four rotor teeth. The ratio 

between electrical angle 𝜃𝑒𝑙  and mechanical angle 𝜃𝑚 is defined as: 

𝜃𝑒𝑙 = 𝑁𝑟  × 𝜃𝑚 

Current hysteresis control 

At low speed, the SRM is operated using the current hysteresis control. An accurate 

rotor position measurement is necessary. The phase is turned on at a certain 

electrical angle, the turn-on angle 𝜃𝑜𝑛. After the current reaches its reference value 

𝑖𝑟𝑒𝑓, the mode 1 and mode 2 of the asymmetrical half bridge are applied to keep 

the current inside a hysteresis band ±∆𝑖. At a certain electrical angle, the so called 

turn-off angle 𝜃𝑜𝑓𝑓, mode 3 is applied and the current decreases to zero. An 

example of the phase voltage, back emf, phase current as well as the torque is 

shown in Figure 55.  

In order to achieve the maximal efficiency, the determination of the optimum 

control parameters 𝜃𝑜𝑛, 𝜃𝑜𝑓𝑓, 𝑖𝑟𝑒𝑓 for each operating point is done using analytical 

simulation or finite element method and then fine-tuned on the test bench. The 

hysteresis band ±∆𝑖 is a trade-off between the control accuracy and switching 

losses. Depending on the current rating of the motor, the phase current can reach 

several hundred amperes. The hysteresis band ∆𝑖 is often one magnitude smaller 

than the reference current 𝑖𝑟𝑒𝑓. The slope of the current at the free-wheeling state 

depends mainly on the back emf, which is proportional to the rate of change of the 

phase inductance: 

𝑑𝑖

𝑑𝑡
 ~ 𝑒(𝑖, 𝜃𝑚) ~

𝜕𝑙(𝑖, 𝜃𝑚)

𝜕𝜃𝑚
 

Unaligned position 

 𝜃𝑒𝑙 =  0° 

 

Aligned position 

 𝜃𝑒𝑙 =  180° 

 

Unaligned position 

 𝜃𝑒𝑙 =  360° 

 

Figure 54: Electrical cycle for phase “A” (7; 5) 
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This is a function of the rotor position and it reaches its maximum at around the 

middle of the excitation period. Therefore the current drops the most quickly at 

around the 0.035 second to the 0.04 second.  

During magnetization state, the back emf play a minor role at the low speed region 

compared with the phase voltage 𝑢(𝑖, 𝜃𝑚). The slope of the current is mainly 

inversely proportional to the phase inductance, which reaches its maximum at the 

aligned position.  

 

 

 

Figure 55: Operating in low speed (7; 5) 

 

Single pulse operation 

As the rotor speed rises, the induced voltage (back emf) increases. The average 

phase voltage must be increased to work against the back emf. Beyond a certain 

speed, the reference current for the torque cannot be reached anymore. The phase 

is only turned on and off once in one electrical period. The SRM is operated in 

single pulse mode. The phase voltage and back emf, phase current and torque can 

be found in Figure 56. 
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Figure 56: Operating in high speed (7; 5) 

 

Phase number and torque ripple 

Since the torque production is only possible between 0° and 180° electrical 

degrees, it is only possible to produce continuous torque if the SRM has more than 

2 phases. In general, a high phase number reduces torque ripple. Figure 57 and 

Figure 58 show the torque production of a three-phase SRM and of a four phase 

SRM. The solid lines are the torque of one phase, while the dashed lines are the 

total torque on the rotor shaft.  

 

 

Figure 57: Torque production of a three-phase SRM (5) 
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Figure 58: Torque production of a four phase SRM (5) 

Notable features and ratings 

 SRMs can also be used as a stepper motor.  

 Its robust structure allows the SRM to run at very high speed (>100,000 

rpm).  

 High-power SRMs can reach a power rating of several hundred kilowatts.  

 SRMs suffer from high acoustics noise, high torque ripple and a lower 

efficiency than IM and PMSM. Until today, SRMs can only be found in niche 

applications. 

Strengths and weaknesses 

 Simple construction 

 Low cost since no magnets are used 

 Robust rotor suitable for high speed operation 

 High acoustics noise due to the high radial electromagnetic force  

 High torque ripple depending on the number of the phases and the adopted 

control algorithm 

 Low power factor due to the low duty cycle and the high peak current of one 

phase (0.25 ~ 0.5) 

Predominant applications 

 Textile processing industry (operating speeds of 100.000rpm) 

 Centrifuges or compressors, for example a 40kW, high-performance 

compressors for air conditioning in ICE 3 high-speed trains. 

 Household appliances (food proccessors e.g. Thermomix® from Vorwerk) 
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Stepper motor 

A stepper motor is an electromechanical device which converts electrical pulses 

into discrete mechanical movements (27).  

Motor structure and functional description 

There are three main types of stepper motors:  

 Variable Reluctance stepper motor, which has the same structure as a 

switched reluctance motor (SRM). 

 Permanent magnet stepper motor, which has a similar structure as 

permanent magnet synchronous motor. 

 Hybrid synchronous stepper motor.  

 

Figure 59: Hybrid synchronous stepper motor (28)  

 

 

Figure 60: Function overview of permanent magnet [left] (29) and variable reluctance 
stepper motor [right] (30) 
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Variable reluctance stepper motor 

A variable reluctance (VR) stepper motor is a small-size switched reluctance motor 

(for more detail see chapter “Switched reluctance motor (SRM)”). Compared with 

the other two types of stepper motors, it is the least complex, cheapest one. The 

rotation angle at one electrical pulse, which is also called step angle, is the largest 

among the stepper motors.  

It consists of a laminated 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 due to 

reluctance force (see section “Forces and torque production”). Figure 61 shows a 

four phase variable reluctance stepper motor with eight stator teeth and six rotor 

teeth. The stepping sequence is demonstrated in Figure 62. Depending on the 

pulse sequence, the rotor rotates clockwise or counterclockwise. The motor in 

Figure 62 has a step angle of 15°.  

In general, the step angle θ𝑆𝑇 for a variable reluctance stepper motor is given by: 

θ𝑆  =  360°/N𝑆 
θ𝑅  =  360°/N𝑅 
θ𝑆𝑇 = θ𝑅 − θ𝑆 

 

Where θ𝑆 is the stator angle, θ𝑅 is the rotor angle, N𝑆 is the number of stator poles, N𝑅 

is the number rotor poles. 
 

Variable reluctance stepper motors have a lower torque density than other two 

types of stepper motors. They are applied when only a coarse step angle is 

adequate. The continuous rotational operating of the variable reluctance stepper 

motor is found in the section “Motor characteristics and motor control”. 

 

 

Figure 61: Variable reluctance stepper motor (31) 
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Figure 62: Stepping sequence for variable reluctance stepper (31) 

 

Permanent magnet stepper motor 

 

 

Figure 63: Example of a permanent magnet stepper motor (32) 

  

Figure 64: Coils of the example permanent 

magnet stepper motor (33) 

 

 

Figure 65: Position hold by current in two 
phases (33) 
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The rotor in the permanent magnet (PM) stepper motor has no teeth as with the 

VR motor. Instead, the rotor is magnetized with alternating north and south poles 

as shown in Figure 64. The poles marked in yellow and blue are the north highlight 

the poles of the magnet. These magnetized rotor poles provide an increased 

magnetic flux due to the permanent magnets. Because of this, the PM motor 

exhibits improved torque characteristics when compared with the VR type. Figure 

63 shows a picture of a real PM stepper motor. Stepper motors are often used in 

computer printers to advance paper.  

The stator consists of two coils (see Figure 64). The coils are wounded along the 

circumference of the stator. Each part has the same number of poles as the rotor. 

The two coils have a 90 electrical degree offset between them as shown in  

 

Figure 65.  

In the following only four stator poles and two rotor poles as shown in  

 

Figure 65 are considered, which can be illustrated as shown in Figure 66. It is called 

wave drive if only one of the two phases is excited at any time. The four holding 

positions, a, b, c, d, at which the rotor can be held still by the excited current are 

also shown Figure 67. The electric pulses, which correspond to the four positions, 

are shown below in the pulse sample. The yellow signal is the current of phase φ1, 

the blue signal the respective current of phase φ2. By feeding this pulse sequence 

the stepper motor runs clockwise across all holding positions.   

 

 

Figure 66: Simplified permanent magnet stepper in wave drive (31) 

If both phases are excited at any time, it is called full-step drive as shown in Figure 

67. There will be four more holding positions with full-step drive. The full-step 

drive gives the rated torque of the stepper motor, which is higher than the torque 



 Motor Handbook 66 
 
 
generated at wave drive. In wave drive, only one of the two phases is excited. This 

causes a lower flux linkage in the motor.  

 

Figure 67: Simplified permanent magnet stepper in full-step drive (31) 

Combining the wave drive and the full-step drive leads to in total eight possible 

holding positions, which is illustrated in Figure 68. However, this is only possible if 

the torque demand is lower than the torque provided in wave drive, since the 

maximum torque are different in these two drive modes.  

 

Figure 68: Simplified permanent stepper motor in half step drive (31) 

 

Hybrid synchronous stepper motor 

The hybrid stepper motor combines features of both the variable reluctance 

stepper and the permanent magnet stepper. Its step angle is smaller than variable 

reluctance or permanent magnet steppers and it can reach up to a few hundred 

steps per revolution.  
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Figure 69: Hybrid synchronous stepper motor (31) 

The rotor of the hybrid stepper motor is a cylindrical permanent magnet in form of 

two disks (Figure 69). They are magnetized along the rotation axis. The two disks 

are north and south poles respectively. The high amount of rotor poles increases 

the number of the holding position of the motor. The stator coils (concentrated 

winding) are wound on the stator poles, similar as in a switched reluctance motor 

or a brushless DC motor.  

Figure 70 shows a simplification of the hybrid stepper motor. Only the teeth in the 

north-pole disk are visible in the figure on the right. North poles of the stator and 

the rotor are marked in green. South poles are marked in red. Two electrical poles 

in phase 1 (φ1, φ1’) are shown in the figure on the left. The two electrical poles 

(φ2, φ2’) are neglected in the left figure.  

 

Figure 70: Simplification of hybrid stepper motor (31) 

 

 

Figure 71 demonstrates the rotation of the rotor in clockwise direction. The pulse 

sequence is similar as for permanent magnet stepper motor, which is shown below. 

In hold position (a) in Figure 71, the north pole (green) in one of the two rotor 
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disks is attracted by the stator south pole φ1’, while the rotor south pole in the 

other rotor disk is attracted by the stator north pole φ1. In the next step (b), φ2 

and φ2’ are switched on. The rotor rotates with a step of half of the rotor tooth 

width.  

 

 

 

 

Figure 71: Hybrid stepper motor rotation sequence (31) 

 

Bipolar and unipolar winding arrangements 

There are two basic winding arrangements for the electromagnetic coils:  
 Bipolar windings 

 Unipolar windings 
 

 
 

Figure 72: Bipolar and unipolar winding arrangements (34) 

 
“Bipolar motors have a single winding per phase. The current in a winding needs 

to be reversed in order to reverse a magnetic pole, so the driving circuit must be 

more complicated, typically with an H-bridge arrangement.“ (35) 
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Figure 73: Switches for bipolar and unipolar motor (36) 

“A unipolar stepper motor has one winding with center tap per phase. Each section 

of windings is switched on for each direction of magnetic field. Since in this 

arrangement a magnetic pole can be reversed without switching the direction of 

current, the commutation circuit can be made very simple (e.g., a single transistor) 

for each winding. 

Because windings of bipolar motor are better utilized, they are more powerful than 

a unipolar motor of the same weight. This is due to the physical space occupied by 

the windings. A unipolar motor has twice the amount of wire in the same space, 

but only half used at any point in time, hence is 50% efficient (or approximately 

70% of the torque output available). Though a bipolar stepper motor is more 

complicated to drive, the abundance of driver chips means this is much less difficult 

to achieve.” (35) 

Motor characteristics and motor control 

Rotation 

The sequence of the applied pulses is directly related to the direction of motor 

shaft rotation. The speed of the motor shaft rotation is directly related to the 

frequency of the input pulses. The rotation angle is directly related to the number 

of input pulses applied. (37) The maximum speed of a stepper motor can reach 

several thousand rpm.  
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Power 

Since stepper motors do not necessarily rotate continuously, there is no power 

rating. They are small low power devices compared to other motors. (31) 

Torque 

The torque ratings could reach up to dozens of Nm (38). Most steppers are a few 

centimeters in diameter with a fraction of 1 Nm torque. (39)  

Step angle  

The variable reluctance stepper motors usually have the biggest step angle among 

all three types, which can reach several degrees. The hybrid stepper motors have 

the highest resolution. The minimum step angle of a hybrid stepper motor can 

reach several tenths of one degree.  

Speed torque characteristics 

 
Figure 74: Speed torque characteristics (31) 

The torque available is a function of motor speed as illustrated on the speed vs. 

torque curve. (Figure 74) An energized, holding stepper has a relatively high 

holding torque rating. There is less torque available for a running motor, 

decreasing to zero at some high speed (31). The holding torque is determined by 

the thermal limitation of the stator winding. Cutoff speed and maximum speed are 

determined by the electromagnetic design of the motor.  
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Specification example 

The specification of a hybrid synchronous stepper motor looks like this: 

   

Figure 75: Specification of a hybrid synchronous stepper motor (40) 

This motor should work with a DC voltage of 12V. The rated current is 0.33A, which 

is limited by its rated voltage and the winding resistance. No extra current control 

is needed. Higher driving voltage will cause overcurrent, which could cause thermal 

damage of the motor. The motor has 2 phases. Each pulse leads to a step angle 

of 1.8°. The holding torque is 0.23Nm. 

Comparison with servo control system 

“Some performance differences between stepper and servos are the result of their 

respective motor design. Stepper motors have many more poles than servo 

motors. One rotation of a stepper motor requires many more current exchanges 

through the windings than a servo motor. The stepper motor's design results in 

torque degradation at higher speeds when compared to a servo. Conversely, a 

high pole count has a beneficial effect at lower speeds giving the stepper motor a 

torque advantage over the same size servo motor. 

Another difference is the way each motor type is controlled. Traditional steppers 

operate in the open loop constant current mode. This is a cost savings, since no 

encoder is necessary for most positioning applications. However, stepper systems 

operating in a constant current mode create a significant amount of heat in both 

the motor and drive, which is a consideration for some applications. Servo control 

solves this by only supplying the motor current required to move or hold the load. 

It can also provide a peak torque that is several times higher than the maximum 

continuous motor torque for acceleration.  

Steppers are simpler to commission and maintain than servos. They are less 

expensive, especially in small motor applications. They don't lose steps or require 

encoders if operated within their design limits. Steppers are stable at rest and hold 

their position without any fluctuation, especially with dynamic loads. 

Servos are excellent in applications requiring speeds greater than 2,000rpm and 

for high torque at high speeds or requiring high dynamic response. Steppers are 

excellent at speeds less than 2,000 rpm and for low to medium acceleration rates 

and for high holding torque.” (41) 

STEP ANGLE 1.8˚ ± 5 % VOLTAGE 12 V

PHASES 2 CURRENT 0.33 A

INSULATION RESISTANCE 100 Mohm INDUCTANCE 46 ± 20% Mh

CLASS OF INSULATION B RESISTANCE 34 ± 10 %

WEIGHT 0.20 kg HOLDING TORQUE 0.23 N.M

SPECIFICATIONSCOMMON RATING
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All in all, stepper control systems are less expensive and are optimal for 

applications that require low-to-medium acceleration, high holding torque, and the 

flexibility of open or closed loop operation. Servo control systems are best suited 

to high speed, high torque applications that involve dynamic load changes. (42) 

Notable features and ratings 

 Unlike other motor types such as induction motor or switched reluctance 

motor, the name “stepper motor” does not indicate the working principle of 

the motor, but the application of the motor.  

 The motors response to digital input pulses provides open-loop control, 

making the motor simple and cheap to control.  

 Stepper motors can be a good choice whenever controlled movement is 

required. (43) They can be advantageous in applications where control of 

rotation angle, speed, position is needed. 

Strengths and weaknesses 

 The rotation angle of the motor is proportional to the input pulse. (44) 

 Precise positioning and repeatability of movement since good stepper 

motors have an accuracy of 3 – 5% of a step and this error is non-cumulative 

from one step to the next. (44) 

 Very reliable since there are no contact brushes in the motor. (44) 

 The motors response to digital input pulses provides open-loop control, 

making the motor simpler and less costly to control. (44) 

 Low efficiency. Motor draws substantial power regardless of load. (45)  

 Torque drops rapidly with speed higher than the cutoff speed. 

Predominant applications 

Printers, plotters, medical equipment, fax machine, automotive and scientific 

equipment etc.  
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Lexicon 

Basic principles of electric machines 

Forces and torque production 

An electric machine converts electrical energy into mechanical energy (motor 

operation) or vice versa (generator operation). The electrical energy is supplied in 

the form of current and voltage and the mechanical energy is supplied at the shaft 

in the form of (rotational) speed and torque. The power in an electric machine is 

proportional to the product of speed and power, 𝑃 = 𝜔 ∙ 𝑇 = 2𝜋 ∙ 𝑛 ∙ 𝑇 with the 

angular speed 𝜔, the rotational speed 𝑛 and the torque 𝑇. Consequently, four 

quadrants of operation are obtained as a function of the signs of speed and torque 

(see Figure 76). 

 

Figure 76: Operation quadrants of electrical drives (5) 

The energy conversion uses the magnetic fields in the machine. Magnetic forces 

are produced in such a direction that the magnetic field lines tend to shorten (the 

path length of the magnetic field lines between the opposite poles). The torque 

production due to the magnetic forces acting on the rotor of an electric machine 

can be related to two different mechanisms: 

- Lorentz force:  Force on a current-carrying conductor in a magnetic  

 field 

- Reluctance force:  Caused by the change of the magnetic resistance, the 

 so-called reluctance 

Both mechanisms allow the transformation of electrical energy into mechanical 

energy (motor operation) and vice versa (generator operation). 
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Force calculation using Lorentz force 

The Lorentz force is the force on a current carrying conductor within a magnetic 

field. Figure 77 shows a conductor of length 𝑙 which carries the current 𝑖. The 

conductor is located within a magnetic field with the induction 𝐵. This induction is 

orthogonal to the current carrying conductor and the drawing plane. In the figure, 

this is shown by crosses surrounded by a circle, which represent the virtual 

backside of an arrow flying into the drawing plane (the direction of the magnetic 

field corresponds to the direction of the arrow). The resulting force quantity on the 

conductor is 

 

𝐹 = 𝐵 ⋅ 𝑖 ⋅ 𝑙 

The direction of the force can be derived according to the right-hand-rule which 

assigns the directions of cause (current), agency (magnetic field) and effect (force) 

to an orthogonal system, see Figure 78. As shown in the figure, the direction of 

force is given as the direction of the middle finger if the thumb points in the 

direction of the current and the forefinger points in the direction of the magnetic 

field. 

 

Figure 77: Lorentz force on a current carrying conductor in a magnetic field (5) 

 

 

Figure 78: Right-hand rule (5) 

If the magnetic field is not orthogonal to the conductor but at an angle 𝛼, the force 

is reduced by the factor sin 𝛼: 𝐹 = 𝐵 ⋅ 𝑖 ⋅ 𝑙 ⋅ sin α 
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The Lorentz force is the physical fundamental of the torque production inside an 

electric machine, as it moves a current carrying conductor under the influence of 

a magnetic field into a predetermined direction. 

For the description and control of electric machines, another way of calculating the 

torque is used. It is based on the same fundamentals but uses the interaction of 

magnetic flux linkage and the current in the machine for torque calculation. When 

current and flux linkage are interpreted as space vectors (see section “Creation of 

a rotating field”), the electrodynamic torque 𝑇e is calculated with the vector cross 

product of both values: 

 

𝑇e
⃗⃗  ⃗ = 𝜓m

⃗⃗⃗⃗⃗⃗ × i ⃗⃗  

 

In αβ-coordinates, this results in: 

 

𝑇e = Ψmα ⋅ 𝑖β − Ψmβ ⋅ 𝑖α 

In Figure 79, this relationship is shown for three exemplary current and flux linkage 

space vector combinations. This figure shows that torque control in an electric 

machine may be realized by manipulating the current vector relative to the flux 

vector (7). The grey shaded area in Figure 79 represents the torque magnitude. 

Maximum torque corresponds to the maximum possible area and is realized when 

the two vectors, current and flux linkage, are orthogonal (figure in the middle). In 

contrast, torque becomes zero when the current and flux linkage vector are aligned 

to each other. In the previous section “Force calculation using Lorentz force”, this 

would correspond to a current carrying conductor aligned in parallel to the 

magnetic field (instead of orthogonal alignment). 

      

Figure 79: Relationship between current / flux linkage space vectors and torque (5) 

 

Force calculation using reluctance force 

The reluctance force is generated through a change of the magnetic resistance and 

not a force which acts on a current carrying conductor. This force tends to minimize 

the total reluctance (magnetic resistance) in a magnetic circuit, see Figure 80.  
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Figure 80: Reluctance force in a magnetic circuit (5) 

 

For an inductance, the general equation for the voltage with respect to ohmic 

losses is: 

  

𝑣 = 𝑅 ∙ 𝑖 +
dΨ

d𝑡
 

 

Thus, the voltage is proportional to the sum of the product of the resistance and 

the current and the time dependent change of the flux linkage Ψ. The flux linkage 

can, in the case of magnetic linear behavior without saturation, be represented as 

  

Ψ = 𝐿(𝑥) ⋅ 𝑖 

 

with the position dependent inductance 𝐿(𝑥). This dependency isn’t necessarily a 

linear position dependency with 𝑥. For example in switched reluctance machines, 

the inductance depends on the angular position 𝜃, yielding Ψ = 𝐿(𝜃) ⋅ 𝑖.  

The mechanical power is the product of force and velocity: 

 

𝑃mech = 𝐹 ⋅ 𝑣 

When evaluating the electrical power as the product of voltage and current, the 

force F is obtained as a function of the squared current multiplied with the spatial 

derivative of the inductance: 

 

𝐹~𝑖2 ⋅
d𝐿(𝑥)

d𝑥
 

Torque production due to the reluctance force is characteristic, e.g. for the 

switched reluctance machine. More details can be found in the respective chapter. 
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Creation of a rotating field 

The synchronous machine and the induction machine are rotating field machines. 

In contrast to DC machines, the fields in these machines are rotating and not 

standing still in space. The description of the behavior of spatially rotating fields is 

usually done using space vectors. They can represent transient spatial waves and 

should not be confused with phasors, which represent steady state sinusoidal 

quantities as stationary complex vectors with information about amplitude, angular 

frequency and initial phase shift. 

The direction of a space vector indicates the position of the maximum value of the 

field whereas the length of the space vector indicates the magnitude or amplitude 

of the field. The magnitude of the field can be time-dependent and doesn’t need 

to vary sinusoidally over time. However, in rotating field electric machines the 

magnitude of the field is constant in steady-state operation.  

To understand the concept of space vectors, it is instructive to first consider a 

single-phase system with one winding as indicated in Figure 81. A winding is 

positioned in the (imaginary) q or quadrature axis (see section “Coordinate system 

transformations” for further details). When constant current is impressed in the 

winding, a flux linkage Ψs1 is produced as is briefly explained in the next section 

“Induced voltages and back emf”. This flux linkage stands still in space and points 

into the direction of the d or direct axis. If a sinusoidal current is impressed in the 

winding, the amplitude of the flux linkage will vary sinusoidally, too. In the space 

vector representation, this will lead to a varying length of the flux linkage arrow at 

each time instant. The complex notation of the coordinate system with 𝑥 = 𝑥d + j ∙

𝑥q is used due to its simplicity compared to a notation using trigonometric 

functions. 

 

Figure 81: Producing flux linkage with one winding (5) 

In a next step, a three-phase system with three windings 𝑆1, 𝑆2 and 𝑆3 as shown 

in Figure 82 is considered. The three windings are spatially shifted by 120° with 

the current directions defined in Figure 82. Each of the windings produces a flux 

linkage ΨS1, ΨS2 and ΨS3 which is orthogonal to the respective winding. These flux 

linkage vectors are non-rotating vectors because each winding is stationary (same 

as with the one-phase system above). 
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Figure 82: Flux linkage of a three-phase system (5) 

The superimposition of the three flux linkages forms the total flux linkage of the 

system, Ψh. When all three currents in the windings are symmetric, i.e. they are 

all sinusoidal waveforms with the same amplitude and they are phase shifted by 

120°, the total flux linkage becomes a space vector with constant length that 

rotates spatially with the same frequency 𝜔 as the currents. To sum it up, a three-

phase winding set, which is fed by three-phase symmetric (e.g. sinusoidal) current 

sources, produces a rotating field. 

 

Induced voltages and back electromotive force (back emf) 

In the previous section “Force calculation using Lorentz force” the force on a 

current carrying inductor in a magnetic field is explained. The same principles are 

valid, when a conductor is moved in a magnetic field 𝐵 with velocity 𝑣 as shown in 

Figure 83. A voltage is then induced in the conductor that is proportional to the 

magnetic field 𝐵 and the speed of the coil 𝑣. In the case of a conductor loop, a 

current would be induced in the loop. 
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Figure 83: Generation of an induced voltage (5) 

If a voltage source is connected to the clamps in Figure 83 the circuit is closed and 

a current can flow. If resistive losses are taken into account, the voltage 𝑣 is: 

 

𝑣 = 𝑅 ⋅ 𝑖 +
dΨ

d𝑡
= 𝑅 ⋅ 𝑖 + 𝐿 ⋅

d𝑖

d𝑡
+ 𝑣i 

 

The voltage drop due to the change of the flux linkage over time, 
dΨ

d𝑡
, is related to 

the self-inductance of the inductance 𝐿 and to the induced voltage caused by the 

movement 𝑣i. 

In rotating electric machines the rotor commonly has its own magnetic field, either 

due to magnets or due to a winding in the rotor. As the stationary stator winding 

is exposed to this rotating field, an additional voltage is induced in the stator 

winding that is in opposing direction to the voltage applied to the stator winding. 

This is due to the fact that this induced voltage counteracts to the applied voltage. 

It is therefore called back-electromotive force or back emf.  

The back emf is proportional to the speed of the machine. With rising speed the 

effective voltage applied to the winding becomes less and, thus, less current is 

flowing in the motor. At one speed, the back emf becomes equal to the applied 

voltage and the speed cannot be raised any further. At this so called corner point 

(base speed point), the flux in the machine has to be weakened to decrease the 

back emf to allow for higher speeds. See the topic field weakening for the different 

machine types for further information on how this is done from control perspective 

for the different machine types. 
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Position sensors in electric machines 

Many control methods for electric machines depend on a sufficiently accurate 

information about the rotor position and/or rotor speed (the rotation direction is 

indicated by the sign of speed). This chapter introduces some commonly used 

sensors for position and speed determination.  

A well-known method to measure speed in an analog way is to use a tachometer. 

A DC generator (see the respective chapter for details) with linear characteristic 

and low load can be used for this purpose. As the voltage of the generator is 

proportional to the speed, it can be used in either analog circuits or digital systems 

to represent the magnitude of speed. In a digital system, the speed can be 

calculated from the voltage measurement implying that the generator parameters 

are known and constant in the respective operating range. 

 

 

Figure 84: Optical incremental position encoder (5) 

Alternatively, digital speed measurement using optical or magnetic methods is 

possible. The optical method is usually based on the reflecting or transmitting of 

light. In Figure 84, the transmitting light method is shown. A light beam is sent 

through a slotted disc, which is composed of permeable and impermeable cells. 

This method allows speed measurement, but neither the absolute position nor the 

rotational direction is measurable. 

An example of magnetic encoders is illustrated in Figure 85. This method uses the 

change of magnetic reluctance of a moving toothed wheel. Due to the change of 

flux in the magnetic circuit, an ac-voltage proportional to the speed is induced. 

The voltages of the two coils, 𝑢A and 𝑢B, are measured. An idealized waveform is 

shown  

Figure 86. 

Light source Scanning disc Visual pick-up

Evaluation unit
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With this type of sensor, the rotational direction is measurable, but the absolute 

position cannot be obtained. 

For the measurement of the absolute position, the so called absolute encoders are 

necessary. They can be built in a similar way as the optical incremental position 

encoder in Figure 84. Instead of a simply slotted disc, the disc has to generate an 

optical bit code (e.g. gray code). The required precision can be set by the length 

of the bit code. The sensor reads the bit code and determines the rotor position 

due to the knowledge of the positions of the code words. Speed measurement is 

possible, too, as the code varies with rotor position and the change rate is directly 

proportional to the rotor speed. 

Another type of absolute position encoders is the resolver as shown in Figure 87. 

The resolver consists of three coils (additional small coils in a machine). Two of 

them are mounted stationary with 90° shift and one is mounted on the rotating 

shaft (orthogonal to the shaft). The rotor coil is supplied with a high-frequency AC 

voltage. The flux linkage produced by this coil depends on the rotor position and 

it induces voltages in the two stator coils that are, as a consequence, position 

dependent, too. The measured voltages of the stator coils can then be used to 

calculate the absolute position of the rotor.  

 

 

Figure 85: Magnetic incremental position 
encoder (schematic) (5) 

 

 

 

 
 

 

 

 
Figure 86: Magnetic incremental position 

encoder (electrical pulses) (5) 
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Figure 87: Resolver for absolute position measurement (5) 

 

The state-of-the-art type of absolute position resolvers is the variable reluctance 

(VR) type resolvers. Their principle structure is shown in Figure 88. The working 

principle of this resolver type is the sinusoidal change of reluctance with respect 

to the rotor position. This is shown in Figure 89 in terms of the inductance change 

over rotor position (𝐿(𝜃)). High frequency currents are injected in the stator 

windings and the effective inductance value is calculated due to its inverse 

proportionality with the current slope (
d𝑖

d𝑡
=

𝑢

𝐿(𝜃)
). The rotor position is then 

calculated with the known inductance values (with 𝐿0 and 𝐿(𝜃el) being resolver 

specific parameters) and using the arc sine as: 

 

𝜃el = arcsin (
𝐿(𝜃el) − 𝐿0

�̂� − 𝐿0

) 

 

The main advantage of the VR-type resolver is the absence of a field-winding 

mounted on the rotor as is needed for the resolver type. 

Stator coil

Rotor coil

uf

ud

uq

d

q
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Figure 88: Examples of rotor shapes of the VR-type resolvers (5) 

 

 

Figure 89: VR-Resolver: Change of inductance as function of the rotor position (5) 

Different methods exist that allow eliminating the position sensor and instead using 

the electric machine itself to determine rotor position and speed. These methods 

are often referred to as (position) sensorless control schemes and can be found in 

literature, e.g. (46).  
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Vector control 

In the early 1970s, a new control method for variable-frequency drives using 

rotating field electric machines was invented, the Field Oriented Control (FOC) (9), 

(8), which is a type of vector control. The main characteristic of vector controls is 

the identification of the three-phase stator current system as an orthogonal two-

phase system (see the following sections “Coordinate system transformations”). 

Each of the two parameters, which form the current space vector, directly controls 

one of the main machine magnitudes, flux linkage and torque. This fact is a clear 

difference to scalar control based on the three-phase system as, for example, 

voltage-to-frequency (also found as voltage-to-hertz) control for induction 

machines. 

From a historical point of view, vector control methods have become popular with 

increasing availability and usage of microprocessors starting in the 1980s. Today’s 

microcontrollers and DSPs have sufficient computational power at a comparably 

low price enabling widespread use of them in power electronics and electric 

machines control. 

 

Coordinate system transformations 

The analysis of three-phase systems can become quite complex. A commonly used 

way to simplify this analysis is a mathematical transformation of the three-phase 

system to a two-phase system (47). Even systems with more than three-phases 

can be simplified using adapted transformations. These transformations are the 

basic principle of vector control in electric machines and they are used for the 

space vector representation of the three-phase system. 

The most important transformations, the alpha-beta- (αβ-) and the d-q-

transformation for symmetric three-phase systems, are presented in the following.  

Alpha-Beta-transformation or Clarke-transformation 

The αβ- or Clarke-transformation describes a transformation of the three-phase 

system to a two-phase system with a rectangular coordinate system which is fixed 

to the stator and, hence, a stationary coordinate system. Its abscissa is the real 

alpha (α) axis and is aligned with the first inductance of the machine (U in UVW-

described machine phases). The ordinate is the imaginary beta (β) axis. Hence, 

the αβ-coordinate system is a Cartesian coordinate system for complex numbers 

with both, α and β part being real numbers.  

The arrangement of the axes and its relation to the machine inductances is shown 

in Figure 90. 
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Figure 90: Arrangement of the 𝜶𝜷-coordinate system (48) 

The mathematical representation of this transformation, here for the phase 

currents, is as follows: 

 

[
𝐼α
𝐼β

] = 𝐶 ∙

[
 
 
 1 −

1
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−
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] 

 

The inverse transformation is: 

 

[
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𝐼W

] =
1

𝐶
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3
0

−
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𝐼β

] 

 

The factor C can theoretically be chosen free. Two particular values are of special 

importance. Choosing 𝐶 =
2

3
 allows for an amplitude invariant transformation. The 

amplitude of the complex space vector is then the same as the amplitude of the 

three-phase current, Îαβ = ÎUVW. On the other hand, choosing 𝐶 = √
2

3
 allows for a 

power invariant transformation which conserves the power with 𝑝αβ = 𝑝UVW. 
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Consequently, it is Îαβ = √
3

2
∙ ÎUVW for the power invariant value of 𝐶 and 𝑝αβ =

2

3
∙

𝑝UVW for the amplitude invariant value of 𝐶.  

To sum it up:  

𝐶 =
2

3
     amplitude invariant transformation

𝐶 = √
2

3
     power invariant transformation

  

Both values are valid to use and they are both frequently used in literature. 

D-Q-transformation or Park-transformation 

The dq- or Park-transformation is similar to and extends the αβ-transformation as 

it transforms the three-phase system to a two-phase coordinate system, too. The 

main difference is the coordinate system as it is not stationary and fixed to the 

first inductance but rotates with electrical frequency of the rotor 𝜔rotor. This results 

in a transformation of the rotating field in two constant values, the d (direct) and 

q (quadrature) part of the complex number 𝑥 = 𝑥d + j ∙ 𝑥q. 

The mathematical expression of this transformation for symmetrical three-phase 

systems is: 

 

[
𝐼d
𝐼q

] = [
cos 𝜃 sin𝜃
−sin 𝜃 cos𝜃

] ∙ [
𝐼α
𝐼β

] = 𝐶 ∙ [
cos𝜃 cos𝜃 −

2𝜋

3
cos 𝜃 −

4𝜋

3

− sin𝜃 − sin𝜃 −
2𝜋

3
− sin𝜃 −

4𝜋

3

] ∙ [

𝐼U
𝐼V
𝐼W

] 

 

The inverse transformation is: 

 

[
𝐼α
𝐼β

] = [
cos𝜃 − sin𝜃
sin𝜃 cos 𝜃

] ∙ [
𝐼d
𝐼q

] 

 

Another representation is: 

 

[

𝐼U
𝐼V
𝐼W

] =

[
 
 
 
 

cos 𝜃 − sin𝜃

cos 𝜃 −
2𝜋

3
− sin 𝜃 −

2𝜋

3

cos 𝜃 −
4𝜋

3
− sin 𝜃 −

4𝜋

3 ]
 
 
 
 

∙ [
𝐼d
𝐼q

]      for amplitude invariant transformation

[

𝐼U
𝐼V
𝐼W

] = √
2

3
∙

[
 
 
 
 

cos 𝜃 − sin𝜃

cos 𝜃 −
2𝜋

3
− sin𝜃 −

2𝜋

3

cos 𝜃 −
4𝜋

3
− sin𝜃 −

4𝜋

3 ]
 
 
 
 

∙ [
𝐼d
𝐼q

]      for amplitude invariant transformation
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The whole transformation process is shown in Figure 91 from the symmetric three-

phase system 𝑖a, 𝑖b, 𝑖c to the stationary two-phase αβ-system and further to the 

rotating two-phase dq-system. The upper parts of the figure show a space vector 

representation of the currents and the lower parts show the time dependent 

characteristics of the three-phase abc-system on the left, the αβ-system in the 

middle and the dq-system on the right.  

It is clearly visible that the αβ-system still shows sinusoidal waveforms for the α- 

and the β-component. There are two space vectors shown for the time instants 𝑡1 

and 𝑡2 as marked on the lower plot. In the rotating dq-frame, the values become 

constant. This is very helpful for the control of three-phase machines (or multi-

phase machines in general), as all control methods and principles available for 

constant quantities, e.g. PI controllers, are applicable. 

 

Figure 91: Transformations of a three-phase system (5) 

 

Field-oriented control (FOC) 

In field-oriented control (FOC), a three-phase induction or synchronous machine 

is controlled in a way that is similar to the control of DC machines. FOC is based 

on an inverted model of the machine to be controlled. Hence, its precision depends 

on accurate machine parameters and the effects taken account of in the model. 

FOC allows independent control of torque and flux linkage under transient 

conditions (7).  

Field-oriented control can be divided in two different types, direct field-oriented 

control (DFOC) and indirect field-oriented control (IFOC). Schematics of both 
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principles are shown in Figure 93 (IFOC) and Figure 94 (DFOC). IFOC uses the 

position sensor and the reference values of torque and flux linkage to calculate the 

reference angle for the dq-transformation whereas DFOC estimates this reference 

angle and the flux linkage vector using the measured electrical quantities voltage 

and current. A general structure of field-oriented control drive is shown in Figure 

92. 

 

Figure 92: Field-oriented control drive structure (7) 

Based on the reference values of flux linkage 𝜓M
∗  (the * indicates reference values) 

and torque 𝑇e
∗ and the measured mechanical speed 𝜔m and/or mechanical 

angle 𝜃m, the reference currents 𝑖sd
∗  (flux-producing current) and 𝑖sq

∗  (torque-

producing current). A current control unit then uses the measured phase currents 

to set the reference currents using for example PI controllers with a PWM voltage 

source inverter (VSI).  

To sum up, FOC controls torque and flux linkage indirectly by field-oriented current 

vector components. 

 

 

Figure 93: Block diagram of indirect field-oriented control (IFOC) (49) 
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Figure 94: Block diagram of direct field-oriented control (DFOC) (50) 

Further information to field-oriented control can be found in the induction machine 

handbook. There, the single steps of field-oriented control are explained in more 

detail. 

 

Direct torque control (DTC) 

Direct Torque Control (DTC) is another type of vector control principle. Figure 95 

shows a block diagram of DTC. The phase currents and phase voltages are 

measured to estimate flux linkage and torque of the electric machine. The 

estimated values are then compared to the reference values in hysteresis (or so 

called “bang-bang”) controllers. That means, that the switching signals are 

changed only when the deviation between estimated and reference value is larger 

than defined maximum values.  

Thus, in DTC torque and flux are controlled directly and there are no PI current 

controllers as in field-oriented control. DTC provides a variable switching frequency 

as no modulator is needed due to the direct setting of the switching signals by the 

hysteresis controllers and a downstream look-up table. However, there are DTC 

methods which operate at constant switching frequency, too (51). 
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Figure 95: Block diagram of direct torque control (DTC) (52) 
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Losses in electric machines 

In electric machines different loss types exist. A breakdown of the different loss 

types is shown in Figure 96 exemplary for an induction machine. The losses are 

separated in stator and rotor losses and further on in copper losses 𝑃Cu, iron 

losses 𝑃Fe and additional losses 𝑃suppl. The different loss types and their origin are 

explained in the following. 

 

 

Figure 96: Breakdown example of losses in an electric machine, e.g. induction machine 
(5) (53) 

First of all, there are copper losses 𝑃Cu due to the ohmic resistance 𝑅Cu of the 

winding’s wires, which are usually made from copper, or any other kind of current 

conducting materials. The copper losses are proportional to the squared current as 

per Ohm’s law: 

 

𝑃Cu = 𝐼2 ⋅ 𝑅Cu 

 

Copper losses are in general independent of the frequency, they appear in DC as 

well as in AC machines. The ohmic resistance depends on the winding conductor 

material and its parameters. At high frequencies, skin effect can appear in the 

windings. This is usually negligible for stator windings, but the effect can appear 

in the rotor windings, e.g. of induction machines. The skin effect describes the 

tendency of alternating current to become distributed within a conductor such that 
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the density is largest near the surface of the conductor (54). This results in an 

increased ac resistance of the conductor yielding increased losses.  

Another loss type is the iron loss 𝑃fe. Iron losses consist of two separate 

components, eddy-current losses 𝑃eddy and hysteresis losses 𝑃hys: 

 

𝑃fe = 𝑃eddy + 𝑃hys 

 

Both fractions are explained in the following. Eddy current losses arise due to an 

induced voltage in the iron yoke of a machine when alternating current is supplied 

to the windings. These induced voltages lead to compensating eddy currents in the 

conducting iron (55). This results in eddy current losses which are also called 

current heat losses. To reduce these losses, stator and rotor are built as 

laminations with thin iron sheets that are isolated to each other. The thinner the 

sheets, the lower are the eddy current losses. 

The iron material, from which stator and rotor of electric machines are made, 

consists of many small “elementary magnets” that align due to the magnetic field 

created by the windings. This results in an amplification of the magnetic field 

strength 𝐻 to the resulting magnetic flux density 𝐵. To enable a specific flux 

density in the air gap of an electric machine, a much lower magnetization effort by 

impressing current into the windings is needed for iron compared to pure air. 

Consequently, the iron acts as a flux conductor.  

One characteristic of magnetic materials is the hysteresis curve. A positive 

magnetic field, created by a current in the winding, produces a positive magnetic 

flux density in the material. When the current is switched off, the magnetic field 

strength becomes zero, but a specific polarization remains in the magnetic 

material, the remanence flux density 𝐵R. Only by applying a negative field, the flux 

density can become zero. This happens at the coercitive field strength −𝐻CB. When 

the magnetic field is further decreased, the magnetic flux becomes negative, too. 

This results in the characteristic hysteresis loop shown in Figure 97.  

 

Figure 97: B(H)-characteristic of magnetic materials (5) (55) 
    1 = soft-magnetic material, e.g. iron  
    2 = hard-magnetic material, e.g. permanent magnets  
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For alternating current electric machines, the currents change their sign 

sinusoidally, thus the sign of the magnetic field changes, too. The hysteresis loop 

is then run through counter-clockwise. The area inside this loop correlates to the 

hysteresis losses 𝑃hys. They can be explained with friction when the elementary 

magnets in the iron re-align due to the change of the external field. The hysteresis 

losses are proportional to the frequency of the alternating current, 𝑃hys~ 𝑓. As all 

other loss types, they cause thermal stress in an electric machine. 

The iron losses can be described using the Steinmetz equation which describes 

these losses as a function of frequency and flux linkage: 

 

𝑃𝑓𝑒 = 𝑘 ⋅ 𝑓𝛼 ⋅ 𝜓𝛽 

 

The parameters 𝛼 and 𝛽 are material parameters. For example for ferrites, 𝛼 is a 

value between 1.1 and 1.9 and 𝛽 is between 1.6 and 3 (56).  

Further on, additional losses can arise for example due to harmonics in the current 

or due to the skin effect in the wires. On the mechanical side, losses occur in the 

bearings. In an electrical drive consisting of the electric machine and a gearbox, 

the losses in this gearbox have also to be taken into account. The relative 

contribution of the different loss types greatly depends on the different machine 

types and on the specific design of a machine, too. 
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Efficiencies of electric machines 

Efficiency classes 

The IEC, the “International Electrotechnical Commission”, published the IEC/EN 

60034-30 standard on efficiency classes for low voltage AC motors in late 

2008 (57). This standard defines new efficiency classes IE1, IE2, IE3 and IE4 that 

replace the older classification EFF3 (low efficiency), EFF2 (standard efficiency) 

and EFF1 (high efficiency) issued by the “European Committee of Manufacturers 

of Electrical Machines and Power Systems” (CEMEP) in 1998 as a voluntary 

agreement of motor manufacturers. 

The new efficiency classes are valid for induction motors (IE4 defined in IEC 60034-

31:2010 for synchronous motors, too) and are as follows: 

- IE1: standard efficiency  

- IE2: high efficiency 

- IE3: premium efficiency 

- IE4: super premium efficiency 

The standard covers single-speed, three-phase machines operated at grid 

frequencies of 50Hz or 60Hz (direct online operation) with 2, 4 or 6 poles. The 

power range is specified for output powers from 0.75kW to 350kW and the rated 

voltage is specified for up to 1000V. Motors for solely converter operation are not 

covered, nor motors that are completely integrated into a machine and, thus, 

cannot be tested separately. Figure 98 shows the efficiency classes for four pole 

motors being operated at 50Hz. For different pole number or 60Hz operation, 

different efficiency values are valid. 
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Figure 98: IE efficiency classes for 4-pole (2 pole pairs) motors at 50 Hz (5) (57) 

Since 01.01.2015, new motors sold in the European Union have to be specified at 

least as IE3 (IE2 for inverter-driven machines) for 7.5kW to 375kW power rating 

according to the EU Commission Regulation 640/2009 (58). From on 01.01.2017, 

this becomes valid for all motors from 0.75kW to 350kW. 

With the standard IEC 60034-30-1, published in March 2014, the IE4 level was 

included as well as 8-pole motors and an extended power range from 0.12kW to 

1000kW. Figure 99 shows a table of different machine types according to IEC 

60034-30-1 and their potential for energy-efficiency. 

Today, many electric machines are used with inverters/converters instead of direct 

grid connection. This development is respected in IEC 60034-30-2 which is yet to 

be finally defined as a standard. It will cover converter-fed variable-speed drives 

and new machine types, e.g. permanent-magnet synchronous machines or wound-

rotor synchronous machines (59). 

However, some systems are yet to be covered in standard proposals. Among 

others, these are variable-speed drives with non-sinusoidal voltages, e.g. DC 

motors or switched reluctance motors, very high and very low speed drives, motors 

completely integrated into a machine, motors with integrated frequency converters 

or motors for extended temperature ratings below -20 °C or above 60 °C. Some 

of these could, however, be tested as a complete power drive system.  
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A further development step is the introduction of IE5 efficiency standard. Its goal 

will be to reduce the losses by some 20% relative to IE4. With today’s technologies, 

this goal is not yet reachable and further research is necessary. 

 

 

Figure 99: Motor technologies and their energy-efficiency potential in IEC 60034-30-1 

(5) (59) 

 

Comparison of the efficiency of different machine types 

An often demanded question is a comparison of the efficiency of the different types 

of electric machines. As a first statement, this isn’t possible in a generally valid 

way. Furthermore, even different machines of the same type and the same power 

level can provide different maximum efficiencies. Depending on the load cycle, 

especially for variable-speed and variable-load machines e.g. in electric vehicles, 

a machine with lower maximum efficiency can have a higher load cycle efficiency.  

In general, it is always necessary to evaluate the expected load cycle of a machine, 

i.e. constant operation (fans, pumps etc.) vs. variable-speed variable-load 

operation. It is further important to have knowledge of the efficiency in the whole 

IE1 IE2 IE3 IE4 IE5

Random wound 

windings : IP2x (open 

motors)

Yes Yes Yes Difficult No

Form wound windings 

: IP2x (open motors)

Yes Yes Difficult No No

Random wound 

windings : IP4x and 

above (enclosed 

motors greater than 

0.75 kW)

Yes Yes Yes Difficult No

Random wound 

windings : IP4x and 

above (enclosed 

motors less than or 

equal to 0.75 kW)

Yes Yes Yes Difficult No

Form wound windings 

: IP4x and above

Yes Yes Yes Difficult No

Yes Yes Yes Difficult No

Start capacitor Difficult No No No No

Run capacitor No Difficult No No No

Start/run capacitor No Difficult No No No

Split-phase Difficult No No No No

Synchronous motors Line-start permanent-

magnet (LSPMa)

Yes Yes Yes Difficult No

Motor Type

Three-phase cage-rotor 

induction motors (ASM)

Three-phase wound-rotor induction motors

Single-phase induction 

motors

a Line-start permanent-magnet motors have limitations on their l ine-start capabilities with respect to torque and external inertia 

and may not be suitable for all  types of applications.
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operating range of different machines to evaluate the cycle efficiency. With 

different machines and/or different machine types it is then possible to compare 

them. The choice of the “right” machine for one specific task of course needs 

further evaluation of multiple other parameters such as costs, weight, power 

density, robustness, temperature limitation, cooling possibilities, maintenance 

demands and control complexity. 

For a rough estimation of the performance of different machine types, Figure 100 

shows a comparison of the maximum efficiencies for different machine types, 

permanent magnet synchronous machine (PMSM), synchronous reluctance 

machine (SynRM), induction machine (IM), switched reluctance machine (SRM) 

and DC machine, at power ratings from 1kW to 1000kW. The efficiency data is 

exemplary and there may be machines of the same type and same power rating 

with worse or even slightly better maximum efficiency. 

 

Figure 100: Example comparison of efficiency for different machines (60), (61) 

It is important to consider again at this point that charts in Figure 100 cannot be 

used alone for a decision pro or contra a specific machine type; there are many 

other factors that influence this decision as already stated above.  
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Temperature classes of winding insulation 

The most critical temperature in an electric machine is mostly the winding hot spot 

temperature. This temperature depends on different influencing parameters such 

as machine design specifications or operation boundary conditions (e.g. ambient 

temperature). In inverter driven machines, the stress on the electrical insulation 

is especially high due to high voltage surges. Consequently, a proper choice of 

winding insulation material is necessary that takes respect to the different 

influences. 

The NEMA (National Electrical Manufacturers Association) standard defines 

different insulation classes which limit the maximum allowable operating 

temperature of the insulation material (62): 

Temperature Allowance Class: Maximum Operation Temperature Allowed: 

A 105 °C 

B 130 °C 

F 155 °C 

H 180 °C 

R 220 °C 

Table 6: Temperature classes of winding insulation (62) 

These classes are part of DIN EN 60085, too.  

In general an electric machine should not be operated above the maximum allowed 

temperature. The insulation classes are directly related to motor life, as for 

example a machine operated at 180 °C will have an estimated life of around 300 

hours with Class A insulation whereas it will have around 8500 hours with Class F 

insulation. This is due to the Arrhenius law that each 10 °C of temperature rise 

reduces the lifetime by one half (63). 
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Cooling of electric machines 

Electric machines can be cooled in different ways. Even no cooling is possible. The 

following list provides a rough separation of common cooling methods: 

- TENV (totally enclosed, not ventilated) 

- Fan-cooled (surface) 

- External fan 

- Liquid-cooled 

The TENV machines are not actively cooled as they are totally enclosed. Heat 

dissipation is done by radiation and conduction to the outer environment. The fan-

cooled type normally has a fan mounted on its own rotor shaft whereas the 

external-fan-cooled type is equipped with an externally powered fan. 

The liquid cooled machines can further be separated by their cooling liquid, for 

example water or oil. A common solution is cooling of the machine housing (mantle 

cooling), but multiple other methods exist, too. Some of them are direct oil cooling, 

where oil is directly used on the active parts of the machine, or rotor cooling.  

The cooling method directly influences the design of an electric machine as high 

current densities require good cooling of the machine. As a consequence, TENV 

machines usually have lower power ratings and very low power densities.  
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List of abbreviations 

BLDC Brushless DC Machine 

DFOC Direct Field Oriented Control 

DTC Direct Torque Control 

emf Electromotive Force 

FOC Field Oriented Control 

IFOC Indirect Field Oriented Control 

IM Induction Machine 

IPMSM Interior Permanent Magnet Synchronous Machine 

PM Permanent Magnet Machine 

PMSM 

PWM 

Permanent Magnet Synchronous Machine 

Pulse Width Modulation 

SMPMSM Surface Mounted Permanent Magnet Synchronous Machine 

SRM Switched Reluctance Machine 

SynRM Synchronous Reluctance Machine 

TENV Totally Enclosed Not Ventilated 

VR Variable Reluctance 

VSD 

VSI 

Variable Speed Drive 

Voltage Source Inverter 
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