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(a)  Please name at least three magnetic principles to generate torque in an electrical 
machine. Name at least four electrical machine types and assign them to the torque generation 
principle that dominates in that device. There are machine designs that mix more than one of 
these principles. Please name at least one such electrical machine design and briefly explain 
how the two principles of torque generation operation work. Furthermore, please name one 
key difference between these two torque-generating mechanisms. 

The three main magnetic principles used to generate torque: 

- Magnetic pole–pole attraction/repulsion (principle: equal poles attract, unequal ones 
repel each other) 

- Magnetic reluctance (principle: energy minimisation, magnetically well conducting 
materials are attracted as the same magnetic flux can flow at lower energy/magnetic 
field, paper clip containing ferritic steel (i.e., iron in its allotropic ferrite structure) 
attracted by a magnet, no matter which pole is presented). 

- Eddy-current torque (an electrically conductive feels a torque if it moves faster or 
slower than a moving magnetic pole; practically an eddy-current break relative to a 
moving magnetic field; parts of the electrically conductive object (e.g., rotor) leaving 
an area with high magnetic flux density (e.g., a pole of the rotating stator field) 
experience an induced current counteracting the flux reduction (Lenz’s rule), which 
leads to attraction, while parts of the electrically conducive object entering an area 
with high magnetic flux density experiences an induced current reducing the flux, 
which leads to repulsion) 

Electrical machine types: 

- DC motor (brushed and brushless): mostly pole–pole attraction 
- Universal motor: pole–pole attraction 
- Synchronous machine: mostly pole–pole attraction, sometimes mixed with reluctance 

torque (e.g., in electric cars), rarer mixed with eddy-current torque (e.g., in large 
generators as or damper cage as vibrations as motion relative to the synchronous speed 
is suppressed or in so-called line-start motors to speed them up as induction motors 
until they reach almost the synchronous speed at which the synchronous torque would 
automatically take over) 

- Induction machines: eddy-current torque 
- Reluctance machine: obviously reluctance torque 

Machine types with at least two mixed mechanisms of torque generation: 

- Synchronous Line-start motor: Typically mix of permanent-magnet synchronous 
machine with induction machine, i.e., a squirrel cage integrated into a rotor with 



permanent magnets. As indicated above, start-up procedure when connected to the 
three-phase AC mains solely as induction machine through eddy-current torque 
(explanation of mechanism see above). As soon as the machine approaches its 
synchronous speed, the synchronous torque (in case of proper design) takes over and the 
slip is eliminated (explanation of torque mechanism see above). A key difference 
between the two torque mechanisms: pole–pole attraction is synchronous, eddy-current 
torque needs a slip. 

- Most modern electric vehicle motors with buried permanent magnets: The permanent 
magnets are arranged such that they generate magnetic well conductive paths through 
the rotor and purely conductive paths (through the permanent magnet!). These 
differences can be used to generate torque from reluctance, thus that the stator flux 
“wants” to flow through magnetically well conductive paths and therefore attracts those.  
Both pole–pole attraction and reluctance torque are both synchronous mechanisms. 
Often, they are designed such that they have their maxima at different angles between 
rotor and stator poles. Key difference: pole–pole attraction only works poles of different 
polarity (N and S) so that a stator pole only attracts every other rotor pole. Reluctance 
torque, however, attracts every well conductive path, i.e., every rotor pole.  

 

(b) 

Latest brushless machines use three ways to increase the power in the same volume: 

- Elimination of mechanical commutator, which typically contributes to a large share of 
the overall armature resistance and also limits speed; 

- Use of latest rare-earth permanent magnetic, which correspond to exceptionally high 
excitation in an electrically excited machine; 

- Substantial increase of the rotor speed from a few thousand rotations per minute in most 
brushed DC motors to even 100,000 rpm. 

(c) 

Whereas increasing the torque of a motor needs (over a wide range) a proportional increase in 
current and therefore more cross section of the winding to carry the electrical current and of 
the teeth and stator back-iron to carry the additional flux, i.e. overall more space, speed 
promises a relatively easy way to increase the power of an electrical machine. The increase of 
the power density typically easily overcompensates any gearing needed to adjust the speed to 
the process to be driven. However, the increase of speed faces mechanical limits (without 
mechanical commutators, which are the major speed limiter in brushed DC machines, the 
mechanical consistency of the rotor is typically a hard limit) and electromagnetic loss limits, 
typically dominantly on the rotor in permanent magnet machines (AC effects, such as 
skin/proximity effects and eddy current loss in the lamination and the magnets). 



(d) 

 

For pure pole–pole attraction, ideally ~ sin(β) [NB If reluctance torque is mixed into it, a 
sin(2β) component is added as every pole (not just every other one) generates attraction). The 
sine shape is stretched in y direction (max increases linearly) if the voltage is increased. 

The machine is typically operated between maximum (motor) and minimum (generator). If 
the max. torque is exceeded, the rotor slips and slides to the next pole pair (the sin curve 
continuous there). If power electronics run the motor and tries to keep it always at its ideal 
angle, the machine is kept close to the maximum and gives the motor just enough voltage to 
achieve the necessary torque close to the maximum of the curve.  

(e) 

A fully magnetised high-performance hard magnet has hardly any softmagnetic moments left, 
all atomic dipoles are aligned so that µr --> 1. Ferrites have µr in the hundreds, good silicon 
steel up to thousands. [Though not asked: Ferrites saturate in the hundreds of mT, good silicon 
steel can exceed 1 T]. 

Diamagnetism is associated with µr < 1, which means that the material counteracts external 
magnetic fields and practically “pushes” them to the outside 
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(a) 

kV = 1900 V–1 min–1  

max torque Tmax = 1/2π 1/kV Imax = 1/2π 1/1900 ×V min × 60 s/min × 200 A = 1.0 Nm 

 

(b) 

Equivalent electrical circuit: current source (representing loss power) feeding a parallel 
connection of a capacitor (representing thermal capacitance) and resistor (representing power 
dissipation). The voltage across them (representing the temperature) must not exceed a certain 
limit. 

θ(t)/Rdissipation + Cthcap × dθ(t)/dt = Ploss for both cases 

For continuous heat dissipation, the thermal capacitance does not play a role as the 
temperature change dθ/dt=0 => Pcont = θ/Rdissipation = c × (200 A)² = c × 40,000 A², i.e., 
resistive loss proportional to the squared current with a constant c 

During the short-term overload, both dissipation and capacitance play a role. The dissipation 
depends on the temperature difference to the environment. Although the temperature is not 
known, its profile is: it increases from the ambient temperature (no dissipation) linearly to the 
max temperature (same as for continuous operation) 
=> On average, it has the temperature in the middle and the power dissipation is 
approximately half of the continuous one. 

Integrate the differential equation for the 10 s solution: 

∫ θ(t)/Rdissipation dt + Cthcap × θmax – θambient =c × (450 A)² × 10 s 
½ c × (200 A)² 10 s + Cthcap × θmax – θambient =c × (450 A)² × 10 s 

Cthcap × Δθ = c × 10 s × [(450 A)² – ½ (200 A)²] = c ×1.8 × 106 A²s 

30 s: 
½ c × (200 A)² 30 s + c ×1.8 × 106 A²s =c × I30 s² × 30 s 
½ (200 A)² 30 s + 1.8 × 106 A²s = I30 s² × 30 s 
=> I30 s² = ½ (200 A)² + 1.8 × 106 A²s/30 s 
=> I30 s = 283 A 

60 s: 
=> I60 s² = ½ (200 A)² + 1.8 × 106 A²s/60 s 
=> I60 s = 224 A 



In case we ignore dissipation entirely during first 10 seconds: 
Cthcap × Δθ = c × 10 s × (450 A)² = 2.0 × 106 A²s (10% deviation) 

 

(c) 
(i) 

Nmax = 1900 rpm/V × 48 V = 91,200 rpm 

Speed falls with the torque due to the voltage drop at the internal resistances (e.g., of the 

winding)! 

Nmax(T) = kV × (48 V – Rint I)= kV × (48 V – Rint 2π kv T)  

=> linear decrease 

 

(ii) 

 
Injecting a current with the right phase into the winding inductance can generate a voltage 

drop so that V < E. This current has to have a 90° phase offset relative to the voltage E so that 

V = E –  jωL × (–jI) = E – ωLI < E 

The torque-generating current would be in phase with E so that the overall current has a 

torque-generating and a voltage-reducing (also called field-weakening) component. 

 

(d) 

Potential sensors: 

- Encoder: provides position information only in discrete steps (but this step can be very 

fine); except for so-called absolute encoders, usually relative position information 

until a full turn (or the next sync mark) has passed 

- Resolver: provides absolute position information, also for a motor standing still 

- Hall sensors: only very rough information, depending on the number of sensors only 

few discrete steps (typically just three, one between each pair of stator phases so that 

only 60° information); in between interpolation possible but not ideal 

 

Sensorless operation of the power electronics 



- Most frequently through measuring the back-emf at the phase terminals. Works mostly 

with trapezoidal control (or stopping sinusoidal injection from time to time) and 

instead of setting active zero voltage at the specific phase, leaving the respective phase 

floating (or at 0 A) so that the back-EMF becomes detectable at the terminal. The 

zero-crossing of the back-emf indicates the position of the rotor. For three phases, this 

measurement mode is handed from phase to phase, and these zero crossings provide 

60° information about the rotor position, similar to Hall sensors. 

- More advanced position estimators usually measure the position-dependent stator 

inductance, normally through injecting a higher frequency current component that 

does not contribute to torque generation. The measured inductance is a superposition 

of the two extreme values (so-called d and q values at the d and q rotor positions 

respectively), from which the position in between. 
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