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The thesis investigates how the dimensioning of a high-performance servomotor differs from the 
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 types in dynamically demanding servo applications is assessed, and the design aspects that 
 optimize the servo characteristics of the motors are analyzed. Operating characteristics of a high 
 performance motor are studied, and some methods for improvements are suggested. The main 
 focus is on the induction machine, which is frequently compared to the permanent magnet 
 synchronous motor. A 4 kW prototype induction motor was designed and manufactured for the 
 verification of the simulation results in the laboratory conditions. 


Also a dynamic simulation model for estimating the thermal behaviour of the induction motor in 
 servo applications was constructed. The accuracy of the model was improved by coupling it with 
 the electromagnetic motor model in order to take into account the variations in the motor 
 electromagnetic characteristics due to the temperature rise. 
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 Rs  Stator resistance 


Rth  Thermal resistance 
 s  Slip 


t  Time 


T Temperature, Torque 
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um  Air gap voltage vector 
 ur Rotor voltage vector 
 us  Stator voltage vector 
 Um  Air gap voltage RMS value 
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 w  Width 


W   Coil span, Coil hotspot-to-mean temperature ratio 
x Distance 



(11)γ  Angle between rotor and stator flux-linkage vectors 
 δ  Physical air gap length, skin depth 


δ’  Average electric air gap length 
 δa  Load angle 


δeff Effective air gap length 
 ε  Emissivity 


θk  Harmonicphase angle at kth harmonic 
 Θ  Magneto-motive force 


λE  End winding axial leakage factor 
 λN  Slot leakage factor 


λth Heat transfer coefficient 


λW  End winding tangential leakage factor 
 µ  Dynamic viscosity  


µ0  Vacuum permeability 
 µr  Relative permeability 
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 ρ Density, electrical resistivity 


σ Conductivity 
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σδ  Harmonic leakage factor 
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φ  Phase angle, angle 
 Φ  Magnetic flux 
 Φth Heat flux 


χ  Skew leakage factor, ratio of the rotor length to diameter 
 ψm  Magnetizing flux-linkage vector 


ψPM  Permanent magnet flux-linkage vector 
 ψr  Rotor flux-linkage vector 


ψs  Stator flux-linkage vector 
 ω Angular frequency


ωr  Rotor angular frequency 
 ωs  Stator angular frequency 
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(12)em Electromagnetic 
 EMF electro-motive force 
 loss   Loss 


max   Maximum value 
 mech mechanical 
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 n Nominal 
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 r   Rotor 


Rad   Radial  
 s   Stator 
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(13)1.    INTRODUCTION 


The word ‘servo’ originates from the Latin word ‘servus’ meaning a slave (Fowler 1988); in a 
 motion control system, a servomotor is an actuator that executes tasks requested by the user, 
 process control etc. A servo drive is a generic term for automated motion control systems, where 
 the position of the load is controlled by controlling the movement – rotational or linear – of an 
 actuator. There is neither a clear definition for the servomotor, nor a specification how it differs 
 from the conventional motors, but servomotors are often regarded as capable of high dynamic 
 performance. The power range of servomotors varies from fractional kW range up to hundreds of 
 kilowatts. Low-power servomotors are used for example in cars, in machine tools, and in different 
 kinds of valves, while high power servomotors are used for instance in paper machines, elevators, 
 and hoisting machines. The servomotors are, however, typically below 100 kW range, usually only 
 some tens of kilowatts at maximum. Also, below 1 kW range, servomotors can often be special 
 machines, such as stepper or linear motors. The scope of this work are the AC servomotors having 
 a classical three-phase winding in the stator, producing a rotating magnetic field, and the machines 
 below 1 kW power range are excluded from this work. 


Servo systems can be grouped into three main categories by their operating principle: hydraulic, 
 pneumatic, and electric servos, while the latter is in the focus of this study. Hydraulic servos use 
 pressurized oil to create motion, and the torque and the speed can be controlled by controlling the 
 pressure and the flow rate of the oil. Although the power densities are extremely high, the 
 accuracy of the speed and position control is poor and the speed is low. Also oil leakages and fire 
 hazard may cause problems in certain applications. Such applications can typically be found in 
 food and beverage industry. Also the arrangement of pressurization network is usually both 
 difficult and expensive. The operating principle and characteristics of pneumatic servos are 
 basically the same as in the hydraulic ones, but they have significantly lower power densities, and 
 they are mainly used in low-power applications, where oil leakages and fire hazard are not 
 tolerated. Electric servomotors are by far the most rapidly increasing group due to huge 
 developments in the field of electric drive technology during the latest decades. An electrical servo 
 system comprises four main parts: a power converter, a motor, a feedback device and a load. With 
 modern closed-loop control, extremely high dynamic performance is possible with high efficiency. 


Typical applications are robots, conveyors, auxiliary motors in automobile industry, machine 
tools, lifts, and so on. Although the proper control of an electric drive is as vital as the 
characteristics of the motor itself in order to achieve a good dynamic performance, the focus of 
this work is solely on the servo machine design aspects. There are, however, two doctoral theses in 
progress within the same project that study the control-based optimization methods of the servo 
drives. Table 1.1 in the following page lists some characteristics of hydraulic, pneumatic, and 
electric servos. 



(14)Table 1.1. Benefits and drawbacks of various servo systems. 


Actuator 
 type 


Benefits Drawbacks Examples 
 Electric 


motor 


•Excellent dynamics 


•Mature technology 


•Simple wiring 


•Wide product variety 


•Several suppliers   
 available 


•High speeds possible 


•Excellent efficiency 


•Expensive 


•Lower torque or force 
 density than in hydraulic 
 systems 


•Requires lots of sensors 


•Machine tools 


•Conveyors 


•Lifts and hoists 


•Robotics 


•Extruders 


•Automated 
 warehousing 
 Hydraulic 


motor 


•Easy to apply 


•High torques available 


•Centralized power 
 source 


•Easy to use 


•High force density 


•Arrangement of  
 pressurization network 


•Audible noise 


•Accurate speed control 
 difficult 


•Slow positioning 


•Oil leakages 


•Poor efficiency 


•Fire hazard 


•Regular maintenance 
 required 


•Lifts (low rise) 


•Pumps 


•Linear motion 


•Valves 


•Metal punching 


•Heavy machinery 


Pneumatic 
 motor 


•Low cost 


•Easy to use 


•Requires little 
 maintenance 


•Centralized power 
 source 


•Arrangement of 
 pressurization network 


•Audible compressor noise 


•Accurate speed control 
 difficult 


•Poor efficiency 


•Low force density 


•Non-linear due to air 
 compressibility 


•Valves 


•Food and packaging 
 applications 


•Fire-hazardous motion 
 control applications  


In general, hydraulic servo systems are mainly used in applications, where high forces are required 
per small unit volume, as for instance in metal punching. This is because the force densities of 
hydraulic systems are substantially higher than with electric motors. Even in lower force density 
hydraulic systems, such as in vehicle brakes, the operating pressure can typically be 2000 kPa, that 
is, 2000 kN/m2. The tangential stress acting in the air gap of an electric machine without forced 
cooling ranges typically between 5−30 kN/m2, which makes it approximately 1 per cent compared 
to the value of the lightest hydraulic systems. The operating pressure of a hydraulic system in 
heavy machinery can typically be 7000−42000 kN/m2, although due to the advances in materials 
and design, there is a trend towards higher pressures, up to 100 000 kN/m2. With titanium 
hardware, operating pressures even up to 350 000 kN/m2 are possible, which is a four decades 
higher value than with electric machines regardless of the cooling arrangement. With through 
ventilated air or hydrogen cooling or direct water cooling methods, tangential stresses of electric 
machines can be increased only up to 50−100 kN/m2. It should be borne in mind that by using a 
gearing, the torques of electric motors can naturally be increased, if necessary. However, in most 
of the motion control applications, positioning accuracy is required rather than high force 



(15)densities, which makes an electric motor a feasible solution thanks to its advantageous 
 characteristics. Figure 1.1 shows two motion control applications. The first one is a very common 
 servo application – an industrial robot suitable for e.g. arc welding, spraying, material handling, 
 etc., and the second one is an elevator hoisting machine. Although the elevators are not often 
 referred as servos, they are, however, very similar applications, where the cycle contains 
 acceleration, constant speed, and deceleration phases, after which the load is accurately positioned.  


     a)           b) 


Figure 1.1. Two motion control applications of different kinds. a) An industrial robot containing six 
 permanent magnet synchronous motors (PMSMs), and b) KONE Ecodisc® elevator hoisting machine, 
 which is an axial-flux permanent magnet synchronous motor (www.abb.com, www.kone.com). 


The industrial robot in Fig. 1.1 a) requires a high torque response, which makes the low inertia and 
 high momentary torque critical parameters, while for an elevator hoisting machine, inertia of the 
 motor is not critical at all due to huge load inertia. More important is the torque smoothness, which 
 is required to guarantee a comfortable ride for the passengers. Depending on the application, the 
 load may limit the acceleration rate, for example, if fragile pieces are moved with an industrial 
 robot. On the other hand, overloading capability can temporarily be used to avoid the over-
 dimensioning of the elevator motor, which seems to be the case with the crane motors, too. 


  


First electric servo systems were all DC drives, since the DC motor was for a long time the only 
 motor type capable of high dynamic performance. Regardless of its certain drawbacks – namely a 
 complex construction (especially with a fully compensated machine), lower efficiency than in the 
 AC machines, and high cost – the torque control of the DC motor has nevertheless always been 
 very straightforward, as the air gap flux and the torque can be controlled separately. However, the 
 DC machine requires regular maintenance due to its carbon brushes. Its overloading capability is 
 also poor due to the mechanical commutator, which is not capable of commutating high currents. 


Further, its rotor construction limits the maximum speed, and if high-speed operation is required, 
some special measures must be adopted to ensure adequate mechanical ruggedness. Starting in the 



(16)1960s, development on permanent magnet (PM) materials, power switches, and microprocessors 
 made it possible to utilize also AC in the speed control of electrical machines. This way, it was 
 possible to get rid of the brushes by electronically commutating the current from one phase to 
 another. The first brushless machines were three-phase PM machines with rectangular-shaped 
 stator voltage, although the back-EMF waveform ranged from sinusoidal to trapezoidal. Although 
 the direction of the current of these machines varied, their control was yet quite similar to the 
 control of DC machines. Nowadays, these machines are often referred to as permanent magnet DC 
 motors (PMDC) or brushless DC motors (BLDC), although the use of terminology is still very 
 confusing and depends largely on the source. 


The first speed-controlled AC drives with sinusoidal excitation were synchronous machines (SM), 
 since early inverter topologies based on mercury-arc switches were not capable of handling 
 reactive power. A milestone in the field of speed control of AC machines was the invention of the 
 cycloconverter capable of reactive power handling in the early 1930s. This enabled also the use of 
 induction machines in the speed control, although the dynamic performance and the stability of the 
 machines were very poor. Induction machines were more robust and cheaper, and unlike the 
 synchronous machines, they did not have the problem of losing synchronism. The introduction of 
 the space vector theory for multi-phase AC machines by Kovács and Rácz (1959), and the theory 
 of pulse width modulation (PWM) for AC drives in 1964 finally made it possible for AC motors to 
 be used also in speed controlled drives (Stemmler 1994). This was also due to the introduction of 
 the silicon power switches in the 1950s, which made it possible to switch higher and higher 
 currents and voltages faster and faster. Despite all these developments, these early speed 
 controlled AC drives were basically frequency controlled (u/f –control) and consequently, their 
 dynamic performance still lagged DC drives until the early 1970s. Field-oriented control (later 
 referred as vector control) of AC machines, pioneered by Blaschke (1972), made it possible to 
 achieve equal – or even better – dynamic performance of AC drives compared to DC drives. This 
 was due to a fact that their fundamental operation principle is the same, that is, decoupling of flux- 
 and torque-producing currents. Vector control, however, required large computing resources due 
 to continuous modelling of the machine’s electromagnetic state, and therefore it was first applied 
 only in high-power applications, where the extra cost was justified. Fast development in the field 
 of microprocessors and the introduction of ASIC (application specific integrated circuit) in the 
 early 1980s finally made it possible to achieve excellent dynamic performance with the AC drive 
 also in low-volume applications and also in a lower power range, such as in servo applications. 


Due to their good characteristics, such as the efficiency and the torque smoothness, the AC 
machines soon gained ground from different kinds of DC motor topologies in motion control 
applications, despite the fact that a well-designed DC machine often produced smooth torque. The 
first AC servo drives often utilized the squirrel-cage induction machine because the electrically 
excited synchronous machines were excluded from low-power servo applications, and the control 
theory of PMSMs was not fully developed yet. The squirrel-cage IM is extremely robust and 
cheap, and its overloading capability (and consequently the field weakening characteristics) is 
good. However, its main problem is an always lagging power factor, which means that it can 
produce typically only 70−90 % of the torque produced by a comparable PMSM with the same 
current. Due to the introduction of the NdFeB (Neodymium-Iron-Boron) magnets and the vector 
control methods for PMSMs in the early 1990s, during the past decade, PMSM has become more 
common in dynamically demanding applications than IM. Because of the rotor permanent 
magnetization of PMSMs, a physically smaller motor and an inverter with a smaller current rating 



(17)can be chosen. With the surface-magnet permanent magnet synchronous machines (SMPMSMs) 
 the overloading capability is inherently very good, as will be shown later in this work. This is 
 especially important in motion control, where the overloading capability can be utilized to obtain 
 rapid acceleration rates. The most common material in modern high performance PM machines is 
 NdFeB, because it can have a very high energy product, which leads to a high remanence flux 
 density and a high coercive field strength. NdFeB magnets with remanence flux density of 1.5 T 
 are commercially available, but their maximum operating temperature must be limited below 100 


°C. In motors instead, magnets with lower remanence flux density, but better thermal 
 characteristics are usually required. The temperature dependence of both the remanence flux 
 density and the coercive field strength are the major drawbacks of modern NdFeB magnets. As the 
 remanence flux density decreases due to the temperature rise, more stator current is required to 
 produce the given torque, which further increases the heating of the machine. Further, as the 
 coercive field strength decreases, the so-called knee-point, where the irreversible demagnetization 
 of the magnets starts to take place, occurs at lower negative field strength values. Figure 1.2 shows 
 the demagnetization flux density-magnetic field strength BH curves of the modern NdFeB magnets 
 at different temperatures, where these two phenomena are visible. 


Figure 1.2. BH and JH curves of NdFeB magnets in the second quadrant. An increase of 100 °C in the 
 temperature decreases the remanence flux density by almost 20 %. Also the so-called knee-point, where the 
 polarization  J is lost and the irreversible demagnetization starts to take place, occurs at lower 
 demagnetizing field strengths H as the temperature increases (Neorem). 


As it can be seen in Fig. 1.2, the knee-point, where the irreversible demagnetization starts to take 
place occurs at -1700 kA/m at the 20 °C temperature, but already slightly under -400 kA/m when 
the temperature is raised to 120 °C. Further disadvantages of NdFeB magnets are the sensitivity of 
the magnets to corrosion and the fact that they are very brittle and can therefore crack easily if 
exposed to mechanical shocks or to tensile stress. In addition to the strong dependence of the 
PMSM characteristics on temperature, usually the biggest drawback of a PMSM drive system in 
general is the lack of proper field weakening. Because of the constant flux set by the magnets, and 
the very weak armature reaction of surface magnet permanent magnet synchronous motors 
(SMPMSM), the field weakening is very difficult and also impractical. There would be very little 
current left to produce torque, while most of the current is consumed in demagnetization. If a high-



(18)speed operation is required, the motor nominal point must therefore be located close to the 
 maximum speed, and further, surface magnets may require for instance a fibre glass band for 
 attachment. Although the magnet-retaining band prevents the magnets from detaching, it degrades 
 the heat dissipation of the magnets. Although the fundamental flux in the rotor of PM machines is 
 constant, the inverter supply generates high-frequency time harmonics in the air gap flux in 
 addition to the spatial permeance harmonics due to the slotting and the winding harmonics which 
 in turn result from a discrete distribution of the winding in the slots. Different harmonic flux 
 waves induce eddy currents in the magnets and in the magnetic circuit material under the magnets 
 causing them to heat. 


The major advantages of induction machines are the good field weakening performance and the 
 robust construction of the rotor, which both favour high-speed operation. If field weakening can be 
 utilized, the gain in the motor physical size can be significant compared to a PMSM. A high 
 overloading capability is a prerequisite for good field weakening characteristics of the induction 
 machine. This is also a fundamental requirement for high dynamic performance. By optimizing the 
 pull-out torque of an IM, both a good dynamic performance and high-speed operation can be 
 achieved. As will be shown later, high flux densities should be used to obtain high dynamic 
 performance. A high flux density decreases the power factor due to increased magnetizing current. 


If the motor must operate in saturation, the increase in the magnetizing current is large. However, 
 by properly adjusting the motor flux as a function of the load, the characteristics of the motor, such 
 as the power factor as well as the efficiency can be significantly increased. With a proper design, 
 the overloading capability of an induction motor can be increased, and with a proper flux control 
 strategy, its torque-to-current ratio can be improved. With its high overloading capability, good 
 field weakening performance and only a little lower torque-to-current ratio, it can compete against 
 PMSMs, which currently dominate the motion control industry. 


1.1   Motion control requirements and applications  


Figure 1.3 illustrates a schematic diagram of a basic servo control. The servo control is 
traditionally based on a cascade control, where the position reference for the position controller is 
fed by the user or by a higher-level controller, which controls the whole process. Next to a position 
controller there is a speed controller, and after that a current controller, which controls the current 
of the motor to produce an adequate movement of the rotor. As a feedback device, an incremental 
encoder or a resolver (especially with PMSMs) is typically used. The power converter in Fig. 1.3 
is nowadays typically a voltage source inverter with IGB transistors in the power stage, and the 
motor is a brushless AC motor.  
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Figure 1.3. Schematic diagram of a servo control. The movement of the motor is controlled by controlling 
 the voltage and the frequency of the motor. A position feedback-device is always required to obtain good 
 positioning accuracy.  


There are no specific definitions for the term ‘servo’, and basically, it can refer to any application, 
 in which the motion is controlled with a motor and some kind of a controller. For instance an 
 electric cam is a very simple servo application, while more demanding applications of servos are 
 those in which the position of the load must be accurately controlled, as in conveyors, in robots, in 
 elevators, in pick-and-place machines, in extruders, and in winders. Table 1.2 lists some of the 
 most common and more demanding servo applications. Later, the most important requirements for 
 servo applications are discussed in brief.  


Table 1.2. Some of the most common servo applications and their requirements (Drury 2001).  


Application Requirements 


Cast tube spinner  High accelerating torque, four-quadrant operation 
 Machine tool spindle drive  High-speed operation, smooth torque 


Extruder  High overloading at start-up, difficult environment 


Calendar  200% braking torque 


Automated warehousing  Four-quadrant operation, high overloading torque. 


Lift and hoist  High  overloading,  smooth torque, four-quadrant 
 operation, 90−200 starts/hour with 200% torque at start-
 up. 


Printing press  Field weakening, four-quadrant operation, smooth torque 
 at low speeds 


Winders and reels  Field weakening, four-quadrant operation 
Test rigs  Field weakening, smooth torque and speed 



(20)1.1.1 Overloading capability 


Figure 1.4 shows a very typical load cycle of a servo application, which can be applied for 
 instance in pick-and-place machines, cranes, and elevators. First, the motor is rapidly accelerated 
 with high torque to a constant speed, at which only small torque is required. In elevators, however, 
 the maximum acceleration−deceleration rate is often limited. After the constant speed phase, high 
 braking torque is required to rapidly decelerate the motor into the desired position. Typically the 
 speed of the motor must be altered smoothly by limiting the initial acceleration to avoid jerking, 
 which could cause some mechanical damage to the application. The speed curve in Fig. 1.4 is said 
 to have an “S-profile”.  


Time
 Angular speed
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Figure 1.4. Typical load cycle of a servo application (e.g. a pick-and-place machine). By limiting the 
 acceleration rates, jerking can be avoided. A consequent speed profile (in the upper figure) is called an “S-
 profile”. If the overloading of the motor can be utilized during the acceleration, sizing of the motor can be 
 significantly reduced.  


As the acceleration and the deceleration phases in Fig. 1.4 are typically much shorter compared to 
the constant speed phase, the sizing of the motor can be reduced by occasionally utilizing the 
overloading capability of the motor. The duration of the overloading period is limited both by the 
frequency converter current rating, and by the motor pull-out torque. The thermal time constants of 
the power IGB transistors, used commonly in modern inverters, are very short. This means that the 
overloading capability of the inverter is negligible compared to the overloading capability of the 
motor. The inverter can typically provide for instance 150 % current for the duration of only few 
seconds. This means that the inverter must be oversized compared to the motor, which is naturally 
always a technical and economical compromise. An inverter with a larger current rating is more 
expensive, but a smaller motor can be chosen if the overloading capability is utilized. If the 



(21)inverter current rating is matched near to the motor rating, a low dynamic performance of the drive 
 follows, as there is no “torque reserve” during fast loading transients. Especially, with low inertia 
 loads, overloading capability of the motor is important, as the motor own inertia becomes 
 dominant, and the utilization of the overloading capability occasionally can lead to a physically 
 smaller motor. 


Besides the inverter current rating, the overloading capability could be also limited by the motor 
 pull-out torque. The pull-out torque is the maximum torque the motor can provide with the given 
 voltage. The pull-out torques of industrial induction motors typically vary between 1.6 and 3 per-
 unit value (1.6 p.u. is the minimum value defined by the standard IEC60034-1), while the pull-out 
 torque of PM machines largely depends on the machine topology. For the salient-pole synchronous 
 machines (PMSM servos can be grouped into this category) the standard defines the minimum of 
 50 % excess torque. With buried magnet machines, the overloading capability is often poor, and if 
 a surface magnet construction is used, the per-unit pull-out torque can be even 4−6 p.u. due to low 
 d-axis inductances. A high pull-out torque in addition to a low inertia and a high torque-to-current 
 ratio compared to induction machines makes the SMPMSM feasible in motion control 
 applications.  


As the electromagnetic torque is proportional to the current, and the copper losses proportional to 
 the current squared, heavy overloading causes excessive heating on the stator. For example, 
 loading the machine with a 4 p.u. torque causes 16-fold copper losses in the stator windings. This 
 can rapidly cause thermal failure in the stator winding insulation, and consequently, a turn-to-turn 
 or turn-to-ground short-circuit. That is why temperature monitoring is almost without exception 
 used in servo drives, either with thermistors or with temperature sensors. A thermistor is a passive 
 protecting device, which is used to disconnect the motor from the inverter if the temperature 
 increases too high. A temperature sensor is simply a measuring device based on the measurement 
 of resistance, which changes as a function of temperature. In an inverter, there is some kind of 
 protection function, which uses the temperature information and for instance limits the motor 
 current if necessary. Temperature signals are usually wired in parallel inside the cable from the 
 speed-feedback device, and no separate cabling is required. In this study, an analytic model for the 
 transient heat transfer of an induction machine is presented in Chapter 4, in which the temperatures 
 in different parts of the machine are calculated by using the motor loss components as inputs. 


1.1.2 Rotor inertia 


Besides by utilizing the overloading capability of the motor, high acceleration and deceleration 
 rates can be achieved if the inertia of the motor-load combination is low. However, for control 
 purposes in highly dynamic applications, the ratio of the load inertia-to-motor inertia should be 
 close to unity, and as a rule of thumb, it can be stated that the ratio should not exceed 5 
 (Armstrong Jr. 2001). Due to too high a mismatch between the load and the motor inertia, the 
 gains in the control loop must be set low to avoid dynamic instability. Low gains in the controllers 
 cause poor dynamic performance to the entire drive system. Hence, low-inertia motors should be 
 used only with low-inertia loads. The inertia of the rotor can be decreased by decreasing the 
 diameter and, correspondingly, by increasing the length of the rotor. Torque T of a rotor may be 
 considered a result of the tangential stress σTan on the rotor surface Arotor  
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(22)For constant torque, the product rrotorArotor should be kept constant (if the tangential stress is 
 constant). This means that as the length of the rotor is increased, the radius can be decreased as 
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r  in order to keep the product rrotorArotor constant. The inertia of the rotor therefore 
 decreases inversely proportional to the rotor length in the case of constant torque. Although the 
 amount of the copper slightly increases with the rotor length, the ratio of the length of the end turn 
 to the active part of the copper decreases. According to Levi (1984), an optimal ratio to minimize 
 the turn length can be expressed as a function of the motor pole pair number p 
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Equation (1.2) states that the higher the pole pair number, the shorter the rotor should be compared 
 to the air gap diameter. Servomotors are very often of four- or six-pole constructions; that is, their 
 optimal rotor length-to-diameter ratio, according to Levi, is between 0.76−0.99.  Because the rotor 
 inertia should be matched to the load inertia, the longer rotor with smaller inertia is not necessarily 
 better. Often there are different kinds of servomotors available from the same manufacturer; ones 
 with the low inertia and ones with the higher. The ratio can be up to 2−3 for the low inertia 
 motors, and less than one for the motors with higher inertia. 


1.1.3 Torque quality 


An important requirement in motion control is the quality of the torque, which basically means 
that the generated torque should be as smooth as possible. For example, the performance 
specifications of the servomotors embedded in equipment ranging from the machining tools and 
the conveyor lines to the robots and the satellite dishes require minimization of all sources of a 
pulsating torque. In high-grade elevators, the maximum allowed torque ripple is 0.5 % of the rated 
torque (Laurila 2004). Torque ripples in electrical machines are caused in general by the air gap 
flux time- and space-dependent harmonics, where the first one is caused by the inverter supply 
switching operation, and the second by the motor itself. With PM machines, there may occur also 
so-called cogging torque, which is caused by the tendency of the PM rotor to align itself into 
positions, in which the reluctance of the flux path is locally minimized. Even though the rotor 
would be fully non-salient, there is always a reluctance difference in different directions due to the 
distribution of teeth and slots in the stator. Space harmonics can be further divided into those 
caused by the discrete distribution of the stator winding in the slots (winding harmonics) and those 
caused by the permeance variations in the air gap caused by the stator (and rotor) slotting. In 
general, the higher is the slots per pole per phase number q, the smaller is the winding harmonic 
content. The pole number of electrical machines must be chosen according to the desired speed 
range. With a fixed phase number, this means that the higher the slot number of the stator Qs, the 
more sinusoidal is the air gap flux distribution and the smaller is the harmonic content. The 
majority of servomotors are physically small-diameter machines, that is, there is a limitation for 
the maximum value of Qs. A three-phase motor with 36 stator slots having four or six poles is a 
very common solution used in motion control, and the number of slots per pole per phase of such 
motors is, in this case, 2 or 3.  



(23)The permeance harmonics in the air gap flux distribution are caused by the slotting, that is, there is 
 always a local permeance minimum under each slot opening, where the flux density sags. The 
 wider the slot opening, the deeper is the sag under the slot and vice versa, but unfortunately, 
 choosing narrow slot openings rapidly increases the slot and the tooth-tip leakage flux. This is a 
 problem especially with induction machines, as their overloading capability is inversely 
 proportional to the leakage inductance, which makes the selection of the slot opening dimensions a 
 compromise between the permeance harmonics and the overloading capability. Air gap permeance 
 harmonics also strongly induce eddy currents on the rotor surface of an induction machine and 
 also on the magnets of PMSMs. The electric conductivity of for instance the NdFeB magnets is 
 only a decade smaller than that of iron, which means that the high-frequency flux pulsations 
 effectively induce eddy currents on solid magnets. Consequent heating of the magnets decreases 
 their remanence flux density, which increases the stator current to compensate the decreased 
 torque. This further increases the heat generation in the machine, and the remanence can drop even 
 more. Besides the fact that the heating decreases the remanence flux density, it also brings the 
 knee-point in the permanent magnet material BH curve closer to the operating point. If, for 
 example due to a short-circuit, the magnet demagnetizing field strength exceeds the value at the 
 knee-point, irreversible demagnetization of the magnets will occur (especially with surface-magnet 
 PMSMs).  


Due to these reasons, semi-open slots are used with both PM and induction machine stators. 


Sometimes even semi-magnetic slot wedges are applied to close the stator slots, although this is 
 quite an expensive and rare solution. This is mainly used with high-speed machines, as the smooth 
 stator bore can significantly reduce the windage losses. Also the effects of the air gap flux 
 harmonics are far more critical at high-speed machines. On the rotor of the induction machines, 
 however, closed rotor slots are often preferred mainly due to manufacturing reasons. If a die-
 casting process is applied in the rotor manufacturing, closed rotor slots prevent the cast from 
 spilling outside the rotor. It must be noted, however, that the iron bridge above the rotor slots is 
 made very thin, which means that it saturates heavily even at normal operation and appears 
 magnetically open. In this work, a copper-cage rotor with fully open rotor slots is studied.  


The cogging torque of PM machines can be sensed by rotating the shaft manually, and it occurs 
 even when there is no current flowing in the stator. This topic has been widely studied during the 
 latest decade, and numerous methods have been proposed to reduce the cogging torque. 


Traditional skewing of either the stator slots or the magnets usually by one slot-pitch is a very 
 common and also effective method to reduce the cogging torque (although it helps also with the 
 torque ripple generated by the air gap harmonics). Other suggested methods to reduce cogging 
 torque are for example (Hendershot and Miller 1994; Li and Slemon 1988): 


• Using increased length of the air gap 


• Using fractional slots/pole  


• Using larger number of slots/pole  


• Decreasing the width of the slot openings or using semi-magnetic slot wedges  


• Chamfering the magnets  


• Using dummy slots in the stator  


Using the increased air gap length to decrease the cogging will increase the amount of the PM 
material, because low permeability of the air will rapidly increase the required MMF. Fractional 



(24)slot/pole design will make the machine design more complicated, and it also leads to a higher 
 harmonic content of the air gap flux. It was shown by Salminen (2004), however, that with a 
 proper design, the torque ripple of a fractional slot machine can be kept small. If the slot openings 
 with decreased widths or even with semi-magnetic slot wedges are applied, the tooth-tip and the 
 slot-leakage inductance will increase thus decreasing the torque production capability of the 
 motor. Chamfering of the magnets, however, is a very effective and common method to decrease 
 the cogging torque. Magnets with chamfered edges will produce a more sinusoidal air gap flux 
 density distribution, although the average flux density value over one pole-pitch will slightly 
 decrease. The idea of using dummy slots between real slots in the stator is based on the fact that 
 the frequency of the cogging torque increases, while the amplitude decreases. Dummy slots, 
 however, complicate the manufacturing of the stator, and can increase the permeance losses in the 
 magnets. It is also possible to decrease the cogging torque not only by the proper machine design, 
 but also by modulating the inverter current waveform; numerous papers have been written on this 
 topic, as well as on the other control-based methods. 


1.2   Common motor types in motion control 


The first speed-controlled drive was introduced over 100 years ago by Harry Ward Leonard in his 
 paper “Volts versus ohms – speed regulation of electric motors”. The rotating rectifier consisted of 
 a grid-supplied induction machine that rotated a DC generator. By adjusting the magnetization of 
 the DC generator, controllable DC voltage was available for the speed control of a DC motor. 


Although three machines were required, it was at the time the only possibility to realize a speed 
 controlled drive. When the transistors and first micro-processors were introduced, chopper 
 technologies such as the PWM enabled the accurate speed control of DC machines. Brushless DC 
 motors with permanent magnets in the rotor were also introduced in the early 1960s, but since 
 there were not powerful enough PM materials available yet, their power range was limited 
 typically below 10 kW. Typical applications for brushless DC motors were small machine tools, 
 tape recorders, and robotics. For higher-power speed-controlled applications, brushed DC motor 
 was for a long time the only solution. Until the early 1980s, when high energy density NdFeB 
 magnets were introduced, it was possible to get rid of the brushes also at the higher power range 
 up to hundreds of kWs by using a brushless DC motor. Later on, the introduction of the field-
 oriented control for machines made it possible to use AC machines in demanding speed-controlled 
 applications. First, the speed-controlled AC drives were induction motor drives, but as the vector 
 control for PMSMs was introduced in the early 1990s, they soon started to gain ground from the 
 DC motors and have dominated in the motion control industry ever since. The trend in the motion 
 control nowadays is clearly towards the brushless AC machines with sinusoidal excitation, which, 
 in practice, means that a permanent magnet synchronous motor or an induction motor must be 
 used. 


It can be concluded that the brushed DC motors dominated the speed controlled drives in the 
1960s and 70s, and the brushless DC motors in the 1980s. Since the early 1990s, PMSMs have 
dominated the motion control industry to the present, and, according to the current trend, there 
seems to be no end for that. Induction motors have always been a minority in the motion control, 
and they are mainly used in applications, where the field weakening can be utilized to avoid the 
over-sizing of the drive, which would be the case with PMSMs. The most common motor types 
are presented below. 



(25)1.2.1  Brushed DC motor 


DC motor was for a long time the only motor type available to convert electrical power into 
 mechanical power, and due to its straightforward operating characteristics and simple and stable 
 control, it is still being used to some extent in speed-controlled applications. The speed of the 
 motor is controlled by controlling the armature voltage, and the torque by the armature current, 
 that is, the flux and the torque can easily be controlled separately. This is the main principle on 
 which all the modern AC control methods nowadays rely. The first DC motors were controlled 
 with some chopper technology, such as the pulse width modulation (PWM). Network-connected 
 thyristor bridges were mainly used in higher power range, typically in a variety of applications 
 such as in printing and paper industry, passenger lifts, and any kinds of drives subjected to high 
 transient loading, such as in rolling mills. Chopper technology was mainly used in the lower power 
 range, such as in machine tool applications. Development in permanent magnet materials 
 introduced a permanent magnet DC (PMDC) motor, in which the stator excitation coil was 
 replaced by permanent magnets. Some advantages in using permanent magnet excitation were 
 decreased copper losses, higher power density, and a smaller torque ripple at low speeds. Using 
 permanent magnet material in the magnetic circuit causes a low armature inductance and hence a 
 low armature reaction. Extremely linear speed-torque characteristics of the motor, which result 
 from the permanent magnet-provided constant field flux at all speeds, makes the control of the 
 PMDC very straightforward; the speed of the motor is controlled by simply adjusting the armature 
 DC voltage. PMDC machines were, however, limited to the lower power range due to the absence 
 of the proper magnets until the 1980s. Typical applications of PMDC were low-voltage battery-
 powered applications, such as machine tools, automotive auxiliary drive applications, and solar-
 powered applications. Above the 10 kW range, the separately excited DC motor was the only 
 solution, as it provided high dynamic performance especially when fully compensated.  


Although the separately excited DC motor suits extremely well to servo applications thanks to its 
 dynamic performance, the major problem is the mechanical commutator and the carbon brushes, 
 which require regular maintenance. The commutator also degrades the overloading capability of 
 the machine. Good commutation, which means armature current reversal in a single armature coil 
 without sparking at the brushes, is extremely important to prevent the premature brush failure. 


There is a physical limit to the speed and to the power, at which the current can be commutated. 


This limit is often expressed as a product of the mechanical power and speed; a widely accepted 
 value for this product is 3 TW/min (Drury 2001). If this limit is excessively exceeded, a ring of 
 heavy sparking runs around the commutator circumference. This is known as a brush fire or a 
 brush flashover, and it will rapidly destroy the brushes and the commutator. If the commutation 
 limit has to be exceeded, several armatures on a single shaft are required, which makes the drive 
 more complex and expensive. There still are numerous applications, in which the most demanding 
 motion control is realized with a brushed DC motor, because when properly maintained, the DC 
 motor has a dynamic performance equal to the modern vector controlled AC drive with a notably 
 simpler control. Therefore it is not surprising that even today, in the literature, the word “servo 
 motor” often refers to a brushed DC motor.  


1.2.2  Brushless DC motor (BLDC) 


A brushless DC motor (BLDC), introduced in 1962 by T.G.Wilson and P.H.Trickey in “DC 
Machine with Solid State Commutation” (Wilson 1962), has a classic three-phase stator, and the 
rotor has surface magnets that produce rectangular air gap flux distribution. The stator may have a 
distributed or a concentrated winding, although the latter one is more often preferred. The motor is 
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driven by rectangular or trapezoidal voltage strokes coupled with the given rotor position. The 
 voltage strokes must be properly applied between the phases, so that the angle between the stator 
 flux and the rotor flux is kept close to 90° to get the maximum generated torque. The position 
 sensor required for the commutation can be very simple, since only six pulses per revolution (in a 
 three-phase machine) are required. Typically, the position feedback is comprised using three Hall 
 effect sensors aligned with the back-EMF of the motor. Figure 1.5 a) shows the geometry of the 
 machine and b) the stator current- and the back-EMF waveforms. 


      a)  b) 


Figure 1.5. The geometry and the operating principle of the BLDC motor. a) Four-pole brushless DC motor 
 with three-phase concentrated winding. b) Phase-current and back-EMF waveforms in an ideal case. In a 
 real motor, the switching of the stator current between the phases is never simultaneous, which easily 
 causes significant torque ripple with this motor type. 


According to Crowder (1995), with equal air gap peak flux densities and equal RMS currents, a 
 BLDC can produce 47 % more torque than a comparable PMSM with sinusoidal air gap flux 
 density distribution. This is because both the average flux density in one pole area and the RMS 
 value of the current will be higher with the BLDC because of the rectangular air gap flux density 
 and the stator current distribution. Of course, in order to produce a rectangular flux distribution in 
 the air gap, a BLDC requires more PM material in the rotor. If the amount of PM material in both 
 machines is chosen equal, the PMSM produces slightly higher torque with equal RMS current than 
 the BLDC (Crowder 1995). 


Although the control principle and the construction of the converter power stage of the BLDC 
 motor are relatively simple, high torque ripple is generated even by small delay errors in the 
 commutation, when the square wave current is switched from one the phase to another. With real 
 switches, the commutation requires always a finite time, which can be seen in the torque ripple. 


More torque ripple is generated if either the current or the back-EMF waveform deviates from 
rectangular, or if the currents in each phase differ by the amplitude. The torque ripple of BLDC 
machines is their biggest drawback; as a result, this motor type is often used in high-speed and 
high-inertia applications, where the mechanics of the system effectively filter the high-frequency 
ripple out. If a smooth torque at lower speeds is required, AC motors with sinusoidal excitation are 



(27)commonly preferred, which often leads to the selection of a permanent magnet synchronous 
 motor. 


1.2.3  Permanent magnet synchronous motor (PMSM) 


In principle, the construction of a permanent magnet synchronous machine does not differ from 
 that of the BLDC, although distributed windings are more often used. However, while the 
 excitation current waveform was rectangular with a BLDC, sinusoidal excitation is used with 
 PMSMs, which eliminates the torque ripple caused by the commutation. PMSMs are typically fed 
 by voltage source inverters, which cause time-dependent harmonics on the air gap flux. Permanent 
 magnet synchronous machines can be realized with either embedded or surface magnets on the 
 rotor, and the location of the magnets can have a significant effect on the motor’s mechanical and 
 electrical characteristics, especially on the inductances of the machine. As the relative permeability 
 of the modern rare-earth magnets, such as the NdFeB is only slightly above unity, the effective air 
 gap becomes long with a surface magnet construction. This makes the direct-axis inductance very 
 low, which has a substantial effect on the machine’s overloading capability, and also on the field-
 weakening characteristics. As the pull-out torque is inversely proportional to the d-axis inductance, 
 the pull-out torque becomes very high. Typically, the per-unit values of the d-axis synchronous 
 inductances of the SMPMSM servos vary between 0.2−0.35 p.u., and consequently the pull-out 
 torque is in the range of 4−6 p.u., which makes them well suitable in motion control applications. 


The drawback of a low Ld –value is the very short field weakening range, as the armature reaction 
 with a surface magnet construction is very weak. This means that a high demagnetizing stator 
 current component would be required to decrease the air gap flux, and consequently, there would 
 be very little current left on the q-axis to produce the torque. Direct-axis inductance of a machine 
 having embedded magnets becomes high, as the rotor magnets per pole form a parallel connection 
 for the flux, while with a surface magnet construction they are connected in series. With 
 equivalent magnets, the rotor reluctance of the surface-magnet construction is therefore double 
 compared to an embedded-magnet construction, and the inductance is inversely proportional to the 
 reluctance. With embedded-magnets, the direct-axis inductance is further increased because of the 
 higher rotor leakage flux. Three basic configurations of PMSMs are shown in Fig. 1.6. 
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Figure 1.6. The most common PM rotor constructions. a) Non-salient surface magnet rotor. Due to high d-
 axis reluctance, Ld is low and consequently the pull-out torque high. b) Salient pole surface magnet rotor 
 with inset magnets, which is basically the same as a), but this type produces also some reluctance torque. c) 
 Embedded magnets in the rotor, which has a high Ld value, and consequently a poor overloading capability, 
 but a lot better field weakening characteristics than with the surface magnet constructions. Typically the 
 construction of the PMSM servomotor is somewhere between a) and b), and the q-axis inductance is larger. 


Industrial PMSMs often represent the type c). (Naumanen 2005) 



(28)In addition to the good overloading capability, another reason that makes the surface magnet 
 construction favourable in servo applications is the lower inertia. With multi-pole machines, the 
 rotor and the stator yokes can be made very thin, and all the additional iron can be removed from 
 the rotor to provide a lower inertia. These large holes also improve the heat transfer from the rotor, 
 as the high frequency flux pulsations generate heat on the magnets and on the rotor iron. As the 
 servomotors must typically rotate very fast, gluing does usually not suffice in attaching the 
 magnets on the surface of the rotor, and some non-magnetic material, such as a stainless steel 
 cylinder or a fibre-glass band must be used to support the magnets. The problem in using steel is 
 that it is a highly conductive material, and the air gap harmonics strongly generate losses and 
 consequently heat in it. Therefore, a fibre-glass band or a plastic cylinder is more often used for 
 the magnet retaining. Unfortunately, electrical insulators are also thermal insulators, which means 
 that their thermal conductivity for the heat generated in the rotor iron and in the magnets is poor. 


The temperature rise of the magnets decreases their remanence flux density, and consequently the 
 torque production. 


The rotor in Fig. 1.6 b) with inset surface magnets has better mechanical characteristics, but on the 
 other hand, it has higher leakages between two adjacent magnets. In addition to the higher leakage, 
 the torque production decreases more as the motor must operate at higher pole angle due to 
 increased q-axis inductance compared to a non-salient rotor. Typically, the construction of 
 commercial servomotors is somewhere between a) and b) in Fig. 1.6, that is, the magnets are 
 slightly embedded in the rotor. This improves the mechanical strength of the rotor and introduces a 
 reluctance difference-based term in the torque. According to measurements made at LUT for eight 
 different commercial servomotors in the power range of 3−5 kW, the values for the q-axis 
 inductances were 10−20 % higher than the values in the d-direction (Naumanen 2005). 


With buried magnets and flux concentration, a sinusoidal air gap flux density distribution is 
 possible with simple rectangular magnets. A sinusoidal air gap flux distribution significantly 
 decreases the cogging torque especially with low-speed multi-pole machines that have a low 
 number of slots per poles per phase number q. Also, it is possible to increase the air gap flux 
 density beyond the remanence flux density of the magnets with a flux concentration arrangement, 
 and the machine can produce more torque at a given volume. This is especially desirable in low-
 speed applications, such as in wind generators and in propulsion motors (ABB Azipod®) where the 
 space is limited. As the direct-axis inductance is typically high with a buried magnet construction, 
 the overloading capability will be poor, which makes this motor type incompetent in motion 
 control applications. Typically, the embedded v-shape magnet machine can have Ld approx. 0.7 
 p.u, which means only 1.4 p.u. overloading capability according to the load-angle equation of a 
 synchronous machine with the assumption that EPM = us = 1 p.u. and Ld = Lq. If there is a reluctance 
 difference in the machine, the maximum torque can be somewhat larger. It must, however, be 
 borne in mind that despite the embedded magnets, it is of course possible to increase the physical 
 air gap large enough, and thereby to decrease the direct axis inductance of the machine remarkably 
 from the value given above. However, the consumption of the magnet material is increased 
 remarkably in such a case.  


1.2.4 Induction motor 


Induction machines are by far the largest group of all industrial electrical machines, converting 
approximately 70−80 % of all electrical energy into mechanical form. It has a very robust rotor 



(29)construction, which makes it suitable for high-speed applications, and further, with a proper 
 design, it can have good overloading and field weakening characteristics. The theory of induction 
 machines is old and well-known, and therefore, both motors and inverters are widely available 
 from numerous manufacturers from fractional kW machines up to MW range. The induction motor 
 is also known as the asynchronous motor, which derives from the fact that the rotor is always 
 lagging the stator magnetic field. The difference is called the slip, and it is a fundamental 
 characteristic in the operation of an induction motor. The slip is problematic in drives where a high 
 dynamic performance is required, as it degrades the transient response of the motor for instance 
 during stepwise loading variations. Also the rotor copper losses are directly proportional to the 
 slip. The slip can be decreased by reducing the rotor resistance, and also by using a higher air gap 
 flux density. 


The biggest drawback of the induction machine is the always lagging power factor, because the 
 machine is magnetized from the stator, in other words, there is a magnetizing current flowing in 
 the stator winding even at no-load conditions. This means that less torque is available with a given 
 current than for example with a PMSM, or alternatively, more current is required to produce an 
 equal torque, which leads to an inverter with a higher current rating. With four-pole industrial 
 induction machines, the power factor typically varies between 0.8−0.9, but with low-power 
 induction machines, it can be notably lower. The power factor of an induction machine is directly 
 connected to the magnetizing inductance Lm (Vogt 1996) 
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 where φ is the phase-angle, Em the induced phase-voltage, m the phase number, ξ1 the fundamental 
 winding factor, N the number of turns, ωs the stator angular frequency, Im the RMS-magnetizing 
 current, Θtot the magneto-motive force and p the number of pole pairs. With PMSM servomotors, 
 the number of pole pairs p is often chosen to be 3 or 4, as it is possible to use a rotor with a larger 
 diameter in a given frame. This is because the stator yoke can be made thinner, as the number of 
 pole pairs increases. The limiting factor in choosing the number of the pole-pairs with PMSMs, is 
 typically the leakage flux between two adjacent magnets. The increased rotor diameter can be seen 
 in an increased output torque, and also on the amount of the copper, as a higher p leads to 
 relatively shorter end windings. Consequently, the resistance and the mass of the motor slightly 
 decrease. Although the same applies, in principle, also to the induction machines, increasing the 
 pole-pair number introduces a problem, as the magnetizing inductance decreases according to Eq. 


(1.3). This can be explained by the fact that as the p increases, the share of the air gap reluctance 
 from the entire flux path reluctance per pole increases, in other words, the air gap reluctance 
 becomes more and more dominant with an increasing p. The power factor of the induction 
 machines is therefore inversely proportional to the pole number squared 
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cos(ϕ ∝ p    .      (1.4) 
With PMSMs, it is also possible to use higher flux densities than with IMs, as the slight saturation 
does not affect significantly on the machine characteristics. This is convenient, as the output 
torque of electrical machines is proportional to the air gap flux density squared. A PMSM with a 
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