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At present, permanent magnet synchronous generators (PMSGs) are of great interest. 


Since they do not have electrical excitation losses, the highly efficient, lightweight and 
 compact PMSGs equipped with damper windings work perfectly when connected to a 
 network. However, in island operation, the generator (or parallel generators) alone is 
 responsible for the building up of the network and maintaining its voltage and reactive 
 power level. Thus, in island operation, a PMSG faces very tight constraints, which are 
 difficult to meet, because the flux produced by the permanent magnets (PMs) is 
 constant and the voltage of the generator cannot be controlled. Traditional electrically 
 excited synchronous generators (EESGs) can easily meet these constraints, because the 
 field winding current is controllable. The main drawback of the conventional EESG is 
 the relatively high excitation loss.       


This doctoral thesis presents a study of an alternative solution termed as a hybrid 
 excitation synchronous generator (HESG). HESGs are a special class of electrical 
 machines, where the total rotor current linkage is produced by the simultaneous action 
 of two different excitation sources: the electrical and permanent magnet (PM) 
 excitation. An overview of the existing HESGs is given. Several HESGs are introduced 
 and compared with the conventional EESG from technical and economic points of view. 


In the study, the armature-reaction-compensated permanent magnet synchronous 
 generator with alternated current linkages (ARC-PMSG with ACL) showed a better 
 performance than the other options. Therefore, this machine type is studied in more 
 detail. An electromagnetic design and a thermal analysis are presented. To verify the 
 operation principle and the electromagnetic design, a down-sized prototype of 69 kVA 
 apparent power was built. The experimental results are demonstrated and compared 
 with the predicted ones. A prerequisite for an ARC-PMSG with ACL is an even number 
 of pole pairs (p = 2, 4, 6, …) in the machine. Naturally, the HESG technology is not 
 limited to even-pole-pair machines. However, the analysis of machines with p = 3, 5, 7, 


… becomes more complicated, especially if analytical tools are used, and is outside the 
scope of this thesis. 



(4)The contribution of this study is to propose a solution where an ARC-PMSG replaces an 
 EESG in electrical power generation while meeting all the requirements set for 
 generators given for instance by ship classification societies, particularly as regards 
 island operation. 


The maximum power level when applying the technology studied here is mainly limited 
 by the economy of the machine. The larger the machine is, the smaller is the efficiency 
 benefit. However, it seems that machines up to ten megawatts of power could benefit 
 from the technology. However, in low-power applications, for instance in the 500 kW 
 range, the efficiency increase can be significant. 


Keywords: armature-reaction-compensated permanent magnet synchronous generator, 
 island operation, hybrid excitation synchronous generator, permanent magnet 
 synchronous generator, radial flux, synchronous generator 
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Nomenclature 


Roman letters 


A  linear current density  A/m 


a  number of parallel branches  – 


B  flux density  Vs/m2


b  width m 


D diameter  m 


E  electromotive force  V 


F  force N 


f frequency  Hz 


H  magnetic field strength  A/m 


h height  m 


if  excitation/field/compensating current  A 


I  current A 


k  coefficient - 


kC  Carter coefficient  - 


kw1  winding factor for the fundamental harmonic  - 


L  inductance H 


l length  m 


m  mass kg 


m  number of phases  - 


Nph number of turns  - 


n  rotational speed  min-1


P  power W 


p  number of pole pairs  - 


Q  heat flow  W 


Q  slot number  - 


q  number of slots per pole and phase  - 


R  resistance Ohm 


r  radius m 


S  area m2


S  apparent power  VA 


T torque  Nm 


t temperature  oC 


t time  s 


U  voltage V 


v velocity  m/s 


X  reactance Ohm 


x x-coordinate (width)  m 


Z  impedance Ohm 


zQ number of conductors in a slot  - 
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U  underlined symbols are RMS phasors 
 Greek alphabet 


α coefficient  - 


α  convection coefficient  W/(m2K) 


δ air gap  m 


δ  load angle  o 


η efficiency  % 


Θ current linkage  A 


λ thermal conductivity  W/(mK) 


μ permeability  H/m 


ν harmonic order  - 


ρ electrical resistivity  Ohm·m 


σ electrical conductivity  S 


σ leakage 


τ time constant  s 


τ pitch factor  m 


Φ magnetic flux  Vs 


φ phase angle  o


Ψ flux linkage  Vs 


Ω (capital omega) 


ω angular velocity  rad/s 


Superscripts 


′ equivalent 


′ transient 


′′ subtransient 


Subscripts 


0 initial value 


a air gap 


Amb ambient 
 av average 
 b bolt 


C Carter factor 


c centrifugal 
 d direct-axis 
 D  damper winding direct-axis 
 e electromagnetic 
 eff effective 


f field/excitation/compensating winding 


Fe iron losses 


ind inductive load 



(13)Nomenclature  13


m  magnetizing, air gap 


max maximum value 


mc measuring coil 


md direct-axis magnetizing 
 mq quadrature-axis magnetizing 


n nominal value 


p pole, Potier 


ph phase 


PM permanent magnet 


Q  damper winding, quadrature axis 
 q quadrature-axis 


r rotor, remanence 


s  stator phase, synchronous 
 sat saturated 


sc  short-circuit, search coil 
 t tooth 


tot total value 


U phase U 


V phase V 


W phase W 


w1 fundamental harmonic 


δ air gap 


σ leakage 


Abbreviations 


2D two-dimensional 
 3D three-dimensional 
 AC alternating current 


ARC armature-reaction-compensated 
 ACL alternated current linkages 


DC direct current 


DESM  double excited synchronous machine 
 DOL direct-on-line 


CPPM consequent pole permanent magnet 
 CRHE  combinational rotor hybrid excitation 
 EE electrically excited 


EESG  electrically excited synchronous generator 
 EMF electromotive force 


FEA finite element analysis 
 FEM finite element method 


G grid, generator 


HEFS  hybrid excitation flux-switching 


HESG  hybrid excitation synchronous generator 
HESM  hybrid excitation synchronous machine 



(14)Nomenclature 
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IPM interior permanent magnet 
 L load 


mmf magnetomotive force 
 NdFeB neodymium-iron-boron 


PM permanent magnet 


PMSG  permanent magnet synchronous generator 
 PMSM  permanent magnet synchronous machine 


p.u. per unit 


RMS root mean square 
 SCL  series current linkages 


SG synchronous generator 


SM synchronous machine 


SPM surface permanent magnet 


TE totally enclosed 
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1  Introduction 


Permanent magnet (PM) technology offers superior efficiency, and therefore, PM 
 generators have become an attractive alternative to conventional electrically excited 
 synchronous generators (EESGs) in applications where controlled voltage or reactive 
 power is not needed. In addition, the availability and acceptable cost of high-energy PM 
 materials encourage applying PM technology in ships. Further, the doctoral thesis 
 studies opportunities to apply PM excitation in ship generators to produce constant 
 frequency and voltage. 


A conventional EESG comprises an armature winding in the stator and an excitation or 
 field winding in the rotor, as shown in Fig. 1.1. The rotor is turned by a prime mover, in 
 ships by diesel or gas engines, and the DC current is supplied to the excitation winding 
 through brushes or a brushless exciter.  


      (a)       (b) 
 Fig. 1.1: Conventional electrically excited synchronous generators (EESGs). 


(a) Four-pole salient pole topology. 


(b) Two-pole non-salient pole topology.  


Conventional synchronous generators (SGs) in marine and other island applications 
 have proven to be technologies that provide good voltage regulation by deploying the 
 field windings, high sustainable or steady-state short-circuit currents and the high-power 
 capabilities of the machine. However, such machines have certain disadvantages. To 
 generate the necessary flux levels, SGs must have heavy field windings, which cause 
 mechanical problems in the rotor and also produce significant losses thereby 
 contributing to the larger size of the machine. The rotor field winding losses dissipate 
 into heat, and thus, proper cooling systems are needed. Moreover, the efficiency of the 


f =


i


Stator


Rotor
 winding
 Excitation


U V W


~
 iU iV iW
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 winding
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Rotor


U V W


~
iU iV iW
Stator



(16)1 Introduction 
 16


generator decreases. Indeed, these and other factors make traditional SGs complex, 
 large-size and massive. 


Because of their high energy efficiency, PM generators are of great interest at present. A 
 permanent magnet synchronous generator (PMSG) also consists of an armature winding 
 in the stator and an excitation system in the rotor with the exception that the rotor field 
 winding is replaced by PMs, see Fig. 1.2. The efficiency of a low-power (some 
 hundreds of kW) PMSG may be several per cent units higher than that of similar power 
 traditional EESGs, because the rotor of a PM generator does not need permanent energy 
 supply for excitation. Such an increase in the overall efficiency of a generator set is very 
 significant as a similar improvement in the overall efficiency is very difficult to achieve 
 by any other means. 


      (a)       (b) 
 Fig. 1.2: Permanent magnet synchronous generators (PMSGs). 


(a) Embedded magnet machine with U-shaped magnets. 


(b) Rotor surface permanent magnet machine. 


Since PMs are part of the magnetic circuit of the machine, they have a considerable 
 effect on the total reluctance of the magnetic circuit. The relative permeability of 
 modern PM materials, for example NdFeB, is about 1.04–1.05, and hence, the 
 equivalent air gap length is significant. Consequently, in permanent magnet 
 synchronous machines (PMSMs), the synchronous inductance Ld is low. Using PMs 
 also results in a higher overall efficiency because of low excitation losses. A further 
 advantage of a PM machine is that it has fewer components, and its simpler 
 configuration makes it cost effective at least in principle. 
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A PM generator has also some disadvantages. The voltage regulation is problematic in 
 machines of this kind because they do not have a field excitation control. This can be 
 corrected by using an external voltage control such as large capacitor banks or power 
 electronics, or by choosing the number turns of the stator winding properly to produce 
 the required rated voltage. The generator internal voltage EPM is also affected by 
 temperature. The PM remanent flux density gets lower as the temperature increases. 


These properties make the use of PM generators in direct-on-line (DOL) applications 
 challenging. 


A comparison between conventional EESGs and PMSGs is presented in Table 1.1. 


Table 1.1: Comparison between conventional EESGs and PMSGs. 


Generator type  Advantages  Disadvantages 


EESG 


Easy voltage or reactive power 


regulation  Low efficiency in the low 
 power range up to a few MW 
 High power capabilities  Large support system 


Proven, robust design 


PMSG 


Simple configuration  No excitation control 
 High efficiency  Risk of PM demagnetization 
 Smaller size and weight  High material costs 
 No excitation supply or 


field windings required 
 Low synchronous inductance Ld



1.1  Constraints


The requirements for synchronous machine (SM) performance are defined by national 
 and international standards and classification societies. They set the limits for the 
 variation of voltage and current quality in steady-state operation as well as in transients 
 and, especially, in fault conditions. 


Large current pulses may occur if there is a phase, frequency or amplitude difference 
 between the grid voltage and generator EMF when connecting to the grid. Because the 
 grid is weak in island operation, large current pulses cause large voltage sags. Usually, 
 synchronization takes place at speeds close to the nominal one, at a correct phase 
 sequence and a correct voltage phase. For instance, according to (Standard EN 50160, 
 2004), the voltage amplitudes may differ by ±10 %. 


Some classification societies, for example (Lloyd's Register, 2011), require an SG to 
produce a sufficient sustainable short-circuit current during a symmetrical three-phase 
short-circuit fault. The requirement comes from the network safety devices, for 
example, old-fashioned protection relays, which require the sustainable short-circuit 
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current to be at least three times the rated current. 


In island operation, a power factor is determined by the load power factor. The load of 
 an SG can be resistive-capacitive, resistive-inductive or purely resistive. Typically, SGs 
 produce the inductive current for the inductive load, such as induction motors, solenoids 
 and relays. As it is known, in the case of an active-inductive load, the armature reaction 
 is demagnetizing. An SG must be capable of compensating the demagnetizing armature 
 reaction by a field winding current control. 


Natural oscillations are inherent in an SM, since it constitutes an oscillating system 
 when connected to a grid or other SMs. Such oscillations occur at any sudden 
 unbalances or if there are changes in the load conditions of the SM (e.g. load surge or 
 load shedding, a decrease in the input voltage, a change in the excitation current). In the 
 case of an SM, during oscillations, the rotor of the machine rotates irregularly, that is, 
 with some positive and negative slip around the synchronous speed, and its speed 
 oscillates at some frequency at about an average value, which indicates that there are 
 rotor oscillations. Rotor oscillations affect the synchronous operation of the machine, 
 and may cause a high level of noise. 


An effective means to damp the rotor oscillations is to apply a damper winding 
 producing a high damper torque. The mechanical analogue of an SM connected to the 
 grid or another parallel SG is shown in Fig. 1.3, where the spring emulates the link 
 between the grid and the SM. Because of disturbances (a change in L), there will be 
 oscillations (of the load angle δ) in the system, which are dampened by the amortisseur 
 (shock absorber) as a result of the damper torques. Therefore, in order to provide 
 smooth and stable characteristics and to operate in parallel with other similar generators, 
 an SG must have an efficient damper winding.   


Fig. 1.3: Mechanical analogue of an SM connected to the grid or another parallel SG. 


Notations: G is the grid or another parallel SG, L is the load of machine, Te is the 
 electromagnetic torque and δ is the load angle. 
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For PMSMs, a damper winding plays an important role by protecting the PMs from 
 demagnetization in asynchronous operation and in possible fault conditions by not 
 letting the armature fields to penetrate the rotor. The most dangerous event for the PMs 
 is a short circuit. In the case of a short circuit there is a risk of irreversible PM 
 demagnetization resulting from the strong opposing armature reaction at the beginning 
 of the short circuit when the peak of the stator current is high enough. Figure 1.4 
 illustrates the armature reaction (a) at the beginning of a sudden short circuit and (b) 
 after the attenuation of the damper winding currents or without a damper winding at a 
 sustainable short circuit. It can be said that the flux lines of the armature reaction at the 
 beginning of the short circuit are expulsed because of the damper winding currents, and 
 the total flux goes around the PMs thereby preventing irreversible PM demagnetization. 


  (a)  (b) 


Fig. 1.4: Armature reaction during a PMSG short circuit. 


(a) At the beginning of the short circuit. 


(b) Sustained short circuit, i.e., after the attenuation of the damper winding currents. 


Notations: iD is the damper winding current, is is the stator current, L˝d is the d-axis subtransient 
 synchronous inductance and Ld is the d-axis synchronous inductance. 


All the above-mentioned requirements define the main constraints for an SG operating 
 in an AC island, see Table 1.2. These constraints must be taken into account in the 
 design of an SG. 


Table 1.2: Main constraints for an SG in AC island operation. 


Parameter Condition


Terminal voltage range in normal operation (0.9÷1.1)Uph


Sustainable short-circuit current, Isc 3In


Power factor capability at rated load, cos φ 0.8ind


Damper winding Obligatory
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1.2  Generators in island operation


The main weakness of PMSGs in island operation is that the internal voltage EPM of the 
 generator cannot be controlled similarly as in EESGs and is affected by temperature. 


This is mainly the reason why small PMSGs equipped with a damper winding are 
 normally used only in rigid networks, which maintain the voltage irrespective of the 
 behaviour of the PMSG. Such PM machines are lightweight and economically 
 competitive. If the reactive power of such a PMSG must be kept at a certain level, the 
 size of the generator has often to be increased. 


In island operation, especially in ships, an SG has to meet all the above-mentioned 
 constraints. One of the most challenging requirements is the 300 % sustained short-
 circuit current. According to the equation 


d
 sc Lf


I = E (p.u.),  (1.1)


the p.u. short circuit current Isc depends on the p.u. induced voltage Ef and the p.u. 


direct-axis synchronous inductance Ld. The synchronous inductance is the sum of the 
 magnetizing inductance Lm and the stator leakage inductance Lsσ. In these types of 
 machines, the synchronous inductance consists mainly of the magnetizing inductance 
 Lm, the value of which depends on the machine dimensions and windings and can be 
 written as in (Pyrhönen et al., 2008) 



( )
 .

2
 π


2
 s
 w1
 eff


p
 0 2


m l k N


p


L = m ′


δ


μ τ (1.2)


Here, μ0 is the permeability of vacuum, m is the number of phases, δeff is the effective 
 air gap, τp is the pole pitch, p is the pole pair number, l´ is the effective length of the 
 machine and kw1Ns is the effective number of turns in series per stator winding. 


Similarly as the magnetizing inductance is dominating in the synchronous inductance, 
 the air gap voltage of the machine Em is also producing the main proportion of the 
 terminal voltage Us. According to Faraday’s law, the air gap voltage can be calculated 
 as 
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where ω is the electric angular frequency. The amplitude of the air gap flux of the 
 machine Φˆmis 
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where Bˆδ is the amplitude of the air gap flux density. The required number of turns can 
 be written as 


ˆ ,
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where αi is the factor of the arithmetical per unit average of the air gap flux density 
 (Pyrhönen et al., 2008). Inserting this in Eq. (1.2) gives 
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The pole pitch of the machine is 
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where Dδ is the air gap diameter. Eq. (1.6) is rewritten with Eq. (1.7) into 
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As it can be seen in Eq. (1.8), the magnetizing inductance with a constant voltage and 
 phase number is minimized by selecting a large effective air gap δeff, a large diameter 
 Dδ or a large effective length  l´ for the machine. Maximizing the air gap flux density 
 also has a clear effect but the air gap flux density usually remains in quite tight limits. 


As an example, increasing the air gap flux density from 0.8 T to 1 T reduces the 
 magnetizing inductance by 36 % as the number of winding turns is simultaneously 
 reduced by 20 %. 


If the sustainable short-circuit current is three times the rated current and the induced 
 voltage is Ef = 1.1. p.u., the maximum allowable p.u. d-axis synchronous inductance Ld


is 


37
 .
 3 0


1
 .
 1


sc


dmax = f = =


I


L E (p.u.).  (1.9)


To consider an SG in island operation that meets all the desired requirements, let us 
next investigate the phasor diagram of an SG. Figure 1.5 presents a phasor diagram of 
an SG, where the voltage Us and current Is are set to 1 p.u. to achieve the apparent 
power S = 1 p.u. The stator resistance is neglected. It should be kept in mind that the 
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following analysis is made by applying per unit values, which are obtained by dividing 
 each dimension by a base value given in Appendix A.   


Fig. 1.5: Phasor diagram of an SG. 


To achieve the rated apparent power S = 1 p.u., the voltage Us and the current Is are set to 1 p.u. 


According to the phasor diagram, it is possible to write the following equations 
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where the stator current components Id and Iq can be expressed by the load angle δ and 
 the power factor angle φ as  
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By inserting Eqs. (1.12) and (1.13) into Eqs. (1.10) and (1.11), respectively, it is 
 possible to define the synchronous inductances Ld, Lq as functions of the load angle δ 
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As it can be seen in Eqs. (1.14) and (1.15), only the d-axis synchronous inductance Ld


depends on the induced voltage Ef. Figure 1.6 illustrates the behaviour of the 
 synchronous inductances Ld and Lq as functions of the load angle δ at the unity power 
 factor and cos φ = 0.8ind and their ratios Lq/Ld as a function of the load angle δ when cos 
 φ = 0.8ind and Ef = 1.1 p.u. The d-axis synchronous inductance Ld in Fig. 1.6a and Fig. 


1.6b is presented at three different induced voltages Ef = 1.1 p.u., Ef = 1.3 p.u. and Ef = 
 1.5 p.u. as a function of the load angle δ. 


As it can be seen in Fig. 1.6, it can be noticed that 


-  the black line that corresponds to Lq = f(δ) divides the areas in the figure, see 
 Fig. 1.6a and Fig. 1.6b, into two parts: Lq < Ld and Lq > Ld; 


-  the intersection of the black line with the coloured lines that represent Ld = f (δ) 
 gives Ld = Lq, that is, an SG becomes a non-salient pole machine. Further, when 
 Ef = 1.1 p.u. and cos φ = 0.8ind, see Fig. 1.6b, the synchronous inductance Ls = Ld


= Lq = 0.15 p.u. and the load angle δ = 6.6o. At Ef = 1.1 p.u. and a unity power 
 factor, see Fig. 1.6a, the synchronous inductance Ls = Ld = Lq = 0.44 p.u. is 
 generally the minimum, and it is more than 0.37 p.u. Therefore, in principle, a 
 pure PMSG that is designed with a unity power factor cannot meet the short-
 circuit requirement; 


-  when Ld < Lq an SG can be only a pure PMSG. Moreover, to meet this condition, 
 the direct-axis reaction field must go through the PMs to increase the magnetic 
 reluctance; 


-  in the case when Ld > Lq, an SG can be either a traditional SG or an inverse 
 salient PMSG (Moncada et al., 2009). By varying the induced voltage of a 
 traditional EESG, it is possible to determine the corresponding values for the 
 synchronous inductances Ld, Lq; 


-  as far as the induced voltage Ef is increasing, the d-axis synchronous inductance 
 Ld inevitably has to increase because at a resistive-inductive load the generator 
 armature reaction is demagnetizing; 


-  within the set limits, EPM = 1.1 p.u., cos φ = 0.8ind and Ldmax = 0.37 p.u., the 
 synchronous inductance ratio Lq/Ld is more than 10, see Fig. 1.6c, which is 
 difficult to deliver in a PMSG. (Liaw et al., 2005) considered a PMSG where 
 Lq/Ld = 7.5 with p = 2. Probably Lq/Ld < 7.5 seems more realistic in a PMSG 
 with p ≥ 2; 


-  therefore, finding acceptable values of Lq is possible only when Ld ≤ 0.22 p.u. 


The values determined for Ld are low even for a pure PMSM. As it was shown 
 above, with a constant voltage and phase number, the d-axis synchronous 
 inductance Ld, which mainly depends on the magnetizing inductance, can be 
 minimized at the cost of a large effective air gap δeff, a large diameter Dδ, or a 
 large effective length  l´ for the machine. Obviously, each of these parameters 
 leads to the overdimensioning of a pure PMSG meeting the constraints. 


However, normal variation in the manufacturing and materials may result in a 
generator that does not meet the voltage condition despite the large machine 
size; 
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       (a)       (b) 


(c) 


Fig. 1.6: Synchronous inductances and their ratios as functions of load angle.  


(a) Synchronous inductances Lq, Ld as functions of the load angle δ at a unity power factor. 


(b) Synchronous inductances Lq, Ld as functions of the load angle δ at cos φ = 0.8ind. 
 (c) Ratio Lq/Ld as a function of the load angle δ when cos φ = 0.8ind and EPM = 1.1 p.u. 
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-  although avoiding the short-circuit requirement, which is due to the old-
 fashioned relays, a pure PMSG is still economically inefficient when the power 
 factor is cos φ = 0.8ind. 


It may be concluded that a traditional PM generator (whether non-salient pole or salient 
 pole) that meets all the requirements faces the following problems: 


-  to meet all the requirements, a very large machine should be built or 


-  there is a need to increase the PM generator no-load voltage exceeding the 
 maximum allowed value EPM = 1.1 p.u., and 


-  the d-axis synchronous inductance Ld must be made considerably smaller than Ld


= 0.6 p.u., which should be sufficient to meet the 160 % torque demand. 


Another important conclusion is that an SG with acceptable synchronous inductances 
 can easily meet the desired requirements only if it can change the internally induced 
 voltage, that is, it is able to change the excitation flux, which is possible by applying an 
 electrical excitation. 


Conventional EESGs easily meet the voltage or reactive power regulation and short-
 circuit requirements because the field winding current is controllable. During a short 
 circuit, extra field winding current is supplied by two cascaded excitation generators 
 having a large voltage reserve for the short-circuit excitation. In brushed machines, 
 suitable current transformers can be used to supply extra current to the field winding 
 during a short circuit. Such arrangements guarantee a compact main generator capable 
 of meeting the constraints mentioned above. The only problem related to energy 
 efficiency is that an SG tightly following the main boundary requirements easily 
 becomes quite a low-efficiency machine. For example, a 500 kW, 400 V SM may have 
 a rated point efficiency of only 94 % (Soldatenkova and Boronina, 1993) while the best 
 PMSGs of the same power and speed can reach even 98 % because of low rotor losses 
 and some machine overdimensioning. 


If all the conditions are met, one problem still remains: the machine does not tolerate 
 capacitive loads at low power because the voltage would increase above accepted 
 values. However, capacitive loads are rare and can be present, in practice, only by 
 accident for instance when a compensating capacitor bank control fails and the 
 capacitors are connected to the grid at low inductive loads. Because the occurrence of 
 such a problem is rare, it can be neglected at the design stage.  


The above-mentioned problems can be avoided in island operation by an alternative 
 technology that is assumed to apply a hybrid excitation generator. The hybrid excitation 
 generator is built using PMs and traditional field windings combining the best features 
 of the PMSG and the EESG. 


A hybrid PM generator could solve the problem in quite a traditional way. Such a 
machine would act as a traditional EESG with the exception that the poles would also 
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be magnetized by PMs. The machine has both the benefits and disadvantages of a PM 
 generator and a traditional SG. Therefore, the properties must be a compromise. A good 
 compromise is searched in this doctoral thesis. 



1.3  Overview of HESMs 


Attempts to maintain the benefits and to mitigate the deficiencies of both the EESMs 
 and the PMSMs have led to the invention of a hybrid excitation machine; an electrical 
 machine with both the PM and field winding excitations included. In the literature, such 
 machines are referred to with different names, the most common being ‘a hybrid 
 excitation synchronous machine’ (Yiping and Haizhen, 2001; Hlioui et al., 2008; Patin 
 et al., 2008; Li et al., 2009; Zhao, 2009; Shushu et al., 2010; Kosaka et al., 2010; Zhang 
 et al., 2010; Han et al., 2011; Liu et al., 2011; Hoang et al., 2011), ‘a double excitation 
 synchronous machine’ (Fodorean et al., 2007; Bali et al., 2010; Nedjar et al., 2011; 


Amara et al., 2011), ‘a combined excitation synchronous machine’ (But, 1990) or ‘a 
 permanent-magnet assisted synchronous generator’ (Fukami and Shima, 2010; Hosoi et 
 al., 2012; Yamazaki et al., 2012). Comprehensive reviews of such machines are 
 provided for example in (Zhu and Chan, 2008; Al-Adsani and Schofield, 2009; Amara 
 et al., 2009; Kamiev et al., 2010; Gieras, 2012). The term ‘hybrid excitation 
 synchronous machine’ (HESM) seems to be the most frequent one used in the literature, 
 and is therefore adopted in this thesis also. 


HESMs are a relatively novel class of electrical machines. Such machines are mostly 
 used as generators, where the total magnetic flux is produced by the simultaneous action 
 of two different excitation sources: a PM excitation and a wound field excitation (an 
 electrical excitation winding). The target behind using two excitation sources is to 
 combine the advantages of PM-excited machines and wound field synchronous 
 machines. The PMs produce the main excitation flux while the electrical excitation 
 winding generates an additional excitation flux effectively improving the flux 
 weakening or strengthening capability. Thanks to PMs, the electrical excitation losses 
 are much lower than those of SMs with a traditional electrical excitation. 


In this connection, it is worth remembering that in large SGs, multiple-pole excitation 
 generators with one or two PM poles have been quite widely used in the industry. Such 
 exciter machines are intended for generators in island operation to make the voltage 
 build-up possible in machines operating outside a utility grid. However, such machines 
 have totally different properties and are not regarded as HESMs in this thesis. 



1.3.1 
 Classification 

In the family of SMs, HESMs are found between separately magnetized SMs and 
PMSMs. A further classification of HESMs can be made depending on the factors 
considered in the following. 
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HESMs can be classified according to the magnetic flux paths through PMs and through 
 field windings: 


a)  series hybrid excitation and 
 b)  parallel hybrid excitation. 


Examples of series and parallel HESMs with 2D radial flux paths are presented in Fig. 


1.7. In the first group, the PMs and the excitation coils are connected in series: the flux 
 produced by the excitation coils passes through the PMs. As a result of the magnetic 
 properties of the PMs, there are some evident drawbacks related to the flux weakening 
 capability: 


-  a powerful excitation winding is needed to produce a high current linkage to 
 decrease the flux of modern NdFeB magnets with high remanent flux densities 
 and high coercive forces, and 


-  there is a slight risk of PM demagnetization. 


In the second group, the trajectory of the PM excitation flux differs from the flux 
 produced by the excitation winding. Contrary to the series HESM, the parallel HESM 
 have more flux weakening capability and allow a wide variety of structures. 


(a) (b) 


(c) (d) 
 Fig. 1.7: Examples of series and parallel HESMs with 2D radial flux paths. 


(a) and (b) Series hybrid excitation (in (b) partly parallel) 
 (c) and (d) Parallel hybrid excitation 


The solid lines correspond to the magnetic flux paths resulting from the PM excitation, and the 
 dotted lines indicate the electrical excitation. 


According to the behaviour of the magnetic flux, HESMs can be radial, axial or 
 combinations of these two.  
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There are various ways of implementing HESMs. The excitation winding (EW) can be 
 placed either in the rotor similarly as the PMs, which introduces slip rings and brushes, 
 or in the stator, which leads to different constructions. Classification of HESMs based 
 on the design location of the excitation winding and PMs is shown in Fig. 1.8. 


Depending on the position of the excitation winding, the constructions can be with or 
 without brushes. 


Fig. 1.8: Classification of HESMs based on the design location of the excitation winding (EW) 
 and PMs. 


HESMs have received a good recognition and become a hot topic for research. There 
 are many different topologies presented in various technical papers and patent 
 applications (Syverson and Curtiss, 1996; Schüller and Brandes, 1998; Geral and 
 Manoj, 2002; Amara et al., 2004; Akemakou, 2006; Ganev et al., 2007; Babajanyan and 
 Reutlinger, 2010; Reutlinger, 2010; Dooley, 2011; Gieras and Rozman, 2011). 


Examples of HESMs classified according to Fig. 1.8 are considered in the following. 


Figure 1.9 provides some examples of HESMs where the PMs and excitation windings 
 are placed in the rotor retaining a conventional stator. The stator carries a normal 
 winding. These machines may have slip rings and brushes because the DC field winding 
 is mounted on the rotor side. HESMs referred to this group are more similar to 
 conventional SMs (either wound field SMs or PMSMs), and hence, they should be more 
 robust, reliable and easy for manufacturing than machines in the other groups. 


(Luo and Lipo, 1999) presented an electrical machine termed the SynPM machine, 
 which is shown in Fig. 1.9a. The SynPM machine has four PM poles and two 
 electrically excited poles. The SynPM machine works almost similarly as the PM 
 machine with the exception that it has field regulation characteristics. By adjusting the 
 excitation current, the SynPM machine varies not only by the air-gap flux, but also by 
 the number of poles from six to two. The PM has two different flux paths, of which one 
 passes the other PM bordered with it and the other passes through an electrically excited 
 (EE) pole close to it. The flux of the electrical excitation is circulated between two 
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electrically excited poles because they have different polarities. This is possible only 
 when the pole pair number p is odd. The SynPM machine becomes unsuitable in the 
 cases when the pole pair number p must be even or this number must not change at 
 different excitation currents (positive, zero or negative values). Fluxes caused by PMs 
 and DC field windings are radial fluxes. Since the flux produced by the excitation coils 
 does not pass through the PMs, according to the classification, the SynPM belongs to 
 the parallel hybrid excitation group. 


(a) (b) 


(c) (d) 
 Fig. 1.9: Examples of HESMs where PMs and excitation windings are placed in the rotor. 


(a) SynPM machine. 


(b) Combined rotor hybrid excitation machine (CRHE). 


(c) Double excited synchronous machine (DESM). 


(d) Permanent-magnet-assisted salient-pole synchronous generator. 


(Chalmers et al., 1997) have presented a structure with a combined rotor, where unlike 
 in other SMs, the machine has two rotor parts; one is a PM part and the other is a 
 reluctance part. Later in 2001, (Naoe and Fukami, 2001) presented a machine in which 
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the reluctance machine part is replaced by an electrically excited part, Fig. 1.9b. This 
 construction is termed a combined rotor hybrid excitation machine (CRHE). PMs may 
 be mounted on the rotor surface or embedded in the rotor. The magnetic paths of the 
 two parts are independent of each other, and each path is radial. Thus, the machine 
 belongs to the parallel hybrid excitation group. Some space is needed between the two 
 rotors: first, to avoid PM leakage and second, to place the excitation end winding, which 
 in turn increases the length of the machine. 


The construction presented in Fig. 1.9c was studied in (Fodorean et al., 2007) and called 
 in the paper as the double excited synchronous machine (DESM). In the DESM, PMs 
 are mounted on the rotor surface and the excitation coils are placed in the rotor slots. 


The magnetization sources of the DESM are in series, in other words, the flux produced 
 by the excitation coils passes through the PMs. The magnetic paths of both sources are 
 radial. 


The last example of this group is called the permanent-magnet-assisted salient-pole 
 synchronous generator, Fig. 1.9d. In the PM-assisted salient-pole SG, the PMs are 
 placed between adjacent pole shoes. In the rotor pole cores, the flux produced by the 
 PM is generated in the direction opposite to the flux produced by the excitation 
 winding. Thus, the magnetic saturation in the rotor pole cores is reduced, and a higher 
 EMF can be induced in the stator armature winding. This construction suffers from 
 certain deficiencies, which may raise problems in some cases. First, from the 
 mechanical point of view, the installation of the PMs must be carefully considered 
 because of the centrifugal forces. Second, from the thermal point of view, the generator 
 must be equipped with a good cooling because the PMs are placed close to the 
 excitation windings, which produce heat according to Joule’s law. Finally, because of a 
 sudden three-phase short circuit, which can take place either on the network or in island 
 operation, there is a significant risk of irreversible demagnetization in the whole area of 
 the PMs. 


(Mizuno, 1997) patented a configuration where the PMs are placed in the rotor and the 
 excitation winding is placed in the stator, as shown in Fig. 1.10. Later it was called a 
 consequent pole PM machine (CPPM). A machine of this kind was studied also in Japan 
 and the USA. The machine consists of a rotor divided into two sections. One section has 
 partial rotor-surface-mounted PMs that are radially magnetized while the other has a 
 laminated iron pole. The stator is composed of a laminated core, a solid iron yoke and a 
 conventional AC three-phase winding located in the slots. A circumferential field 
 winding is placed in the middle of the stator, which is excited by a DC current that is 
 externally controlled to allow variable excitation. 


An important component in the machine operation is the axial flux, which is provided 
by the solid stator and rotor parts, which constitute a low reluctance path. The radial 
flux caused by the PMs circulates from one PM to the next one through the air gap, 
teeth, the stator and the rotor yoke. The axial flux produced by the field winding passes 
from one iron pole to the next one across the air gap, teeth, the stator and the rotor yoke. 
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flux-switching (PHEFS) machines. They can be produced by dividing the machine 
 stator into two parts: the first part contains only PMs and the second one has only field 
 coils. By controlling the polarity and amplitude of the excitation current, the 
 strengthening/weakening operations can be achieved.  


(a) (b) 
 Fig. 1.15: Operation principle of the HEFS machine (Hua et al., 2009). 


(a) Strengthening operation 
 (b) Weakening operation 


When the electrical excitation coincides with the PM excitation, the strengthening operation is 
 achieved, otherwise the machine is in the weakening operation. 


The main advantage of HEFS machines is the absence of slip rings because the field 
 winding is placed in the stator. The additional advantages such as sinusoidal EMF, good 
 flux-regulation capability and passive rotor structure make HEFS machines attractive 
 for example for traction applications. However, in higher power ratings, that is, above 
 500 kW the stator outer diameter of an HEFS machine tends to increase in order to carry 
 the corresponding excitation current linkage, which is disadvantageous from the 
 perspective of the machine size.  



1.3.2 
 Operation principle 

An HESM has two magnetization sources. One is the PM source that provides the 
 magnetic circuit with a constant current linkage, and the other is the field winding (with 
 the DC current) that acts as the current linkage source to mitigate the stator armature 
 reaction. During the operation, depending on the direction of the armature reaction, the 
 air gap flux can be enhanced or reduced by adjusting the magnitude and direction of the 
 excitation current in the field winding. 



1.3.3 
 Special features 

The special features of the HESM make it different from other types of electrical 
machines: 
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•  two magnetization sources, which can be connected either in series or in 
 parallel; 


•  location of  the PMs and the field windings; 


•  bidirectional DC current. 


Different excitation sources and their physical locations in the machine set some 
 limitations on using parallel paths in an armature integer slot winding. The machine in 
 this case must be analysed by dividing it into similar sections. This can result in a 
 significant reduction in options of using parallel winding paths. This constraint is the 
 easiest one in the case of alternating excitation sources thereby making a two-pole 
 system suitable for a base winding in a machine. 



1.3.4 
 Applications 

Owing to their special configurations, HESMs have certain merits that are inaccessible 
 for PMSMs and traditional wound field SMs. Thus, theoretically, HESMs have 
 potential to be used in various application fields. HESMs can be used both as motors 
 and generators. As a generator, they can be used in island operation (e.g. island in a 
 ship). As a motor, an HESM is attractive for traction applications because of its field 
 weakening characteristic. As the price of an HESM is high for traction applications, it is 
 most likely found in large power drives. 



1.4  Outline of the thesis 


The objective of this doctoral thesis is to find the best possible HESG solution for high-
 power island operation. Because the traditional solution, namely the conventional SG, 
 suffers from a low efficiency, and the pure PMSG has to be seriously overdimensioned 
 in island operation, the research focuses on an alternative technology that is assumed to 
 apply a hybrid excitation synchronous generator (HESG) provided with damper 
 windings. With this target in mind, the research can be considered to comprise two main 
 phases. 


The first phase is the feasibility study of an HESG in island operation. It includes a 
 review of the HESMs, a proposal of suitable topologies for island operation and their 
 comparison with the traditional solutions. The comparison includes technical and 
 economic aspects. An HESG must meet all the requirements of an AC island: 


•  the generator terminal voltage must remain within ±10 % in all cases in normal 
 operation; 


•  the generator sustainable short-circuit current must be three times the rated 
 current at least for two seconds; 


•  the generator must be capable of supplying inductive loads with cos φ = 0.8ind, 
and 
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•  the generator must be equipped with an effective damper winding to enable 
 parallel operation of several synchronous machines. 


In the second phase, a design procedure of the proposed topology that shows the best 
 performance in island operation is considered. The design procedure includes 
 electromagnetic and thermal analyses verified by finite element analyses and 
 experimental measurements. The electromagnetic design is based on analytical 
 calculation. 


This doctoral thesis consists of six chapters, the structure and contents of which are 
 organized as follows:  


Chapter 1 presents the main requirements in island operation. The problems faced by 
 an SG in an AC island are considered. An HESG is proposed as an alternative solution. 


An overview of HESM topologies is given. The targets and contributions of the study 
 are presented. 


In Chapter 2, the feasibility of SGs with different excitations in island operation is 
 discussed. The design aspects of an SG are considered. Based on the properties of 
 different HESM topologies, three different HESGs are proposed. The technical and 
 economic comparison of the proposed HESGs is made with the traditional EESG. 


Chapter 3 presents a design procedure of a special type of HESGs. Based on its 
 operation principle and special configuration, the proposed topology can be described as 
 an armature-reaction-compensated permanent magnet synchronous generator with 
 alternated current linkages (ARC-PMSG with ACL). The electromagnetic analysis 
 based on the analytical calculation is presented. The thermal analysis of the proposed 
 topology is studied. 


Chapter 4 introduces the test machine, which was built to verify the operation principle 
 and predicted results of the studied ARC-PMSG with ACL. The design requirements 
 and main dimensions of the test machine are presented. 


Chapter 5 presents the experimental results and their comparison with the results of the 
 analytical and finite element analysis (FEA). 


In Chapter 6, the scientific contributions of the doctoral dissertation are discussed and 
 suggestions are given for the future work. 



1.5  Scientific contributions and publications 


The main scientific contributions of this thesis are the following: 


•  The thesis presents a general overview of the HESMs: classifications, operation 
principles and different topologies with their advantages and drawbacks. 
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