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Abstract 
Katteden Kamiev 
 
Design and testing of an armature-reaction-compensated permanent magnet 
synchronous generator for island operation 
 
Lappeenranta 2013 
140 pages 
Acta Universitatis Lappeenrantaensis 539 
Diss. Lappeenranta University of Technology 
ISBN 978-952-265-485-4, ISBN 978-952-265-486-1 (PDF) 
ISSN-L 1456-4491, ISSN 1456-4491 
 
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. 



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 - 
 



Nomenclature 12

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 



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 



Nomenclature 14

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 
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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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Ui Vi Wi
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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. 
 

L

G
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δ
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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

f
sc L

EI =
 
(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
sw1

eff

p
20m Nkl

p
mL ′=

δ
τ

μ  (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 

 ,ˆ
2

1
msw1m ΦNkE ω=  (1.3)

where ω is the electric angular frequency. The amplitude of the air gap flux of the 
machine mΦ̂ is 

 ( ) ,ddˆˆ
0 0

δm

p

∫ ∫
′

=
l

yxBΦ
τ

 (1.4)
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where δB̂  is the amplitude of the air gap flux density. The required number of turns can 
be written as 

 ,ˆ
2

ˆ
2

pδiw1

m

mw1

m
s lBk

E
Φk

EN
′

==
ταωω

 (1.5)

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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212
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E
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ωατδ

μ  (1.6)

The pole pitch of the machine is 

 ,
2p
π δ

p
D

=τ  (1.7)

where Dδ is the air gap diameter. Eq. (1.6) is rewritten with Eq. (1.7) into 

 .ˆ
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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 

 37.0
3
1.1

sc

f
dmax ===

I
EL (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 



1 Introduction 22

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 

 ,cos fddss EILU =+ωδ  (1.10)

 ,sin qqss ILU ωδ =  (1.11)

where the stator current components Id and Iq can be expressed by the load angle δ and 
the power factor angle φ as  

 ),sin(sd ϕδ += II  (1.12)

 ).cos(sq ϕδ += II  (1.13)

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. 
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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 
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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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• The thesis shows the feasibility of SGs with different excitations in island 

operation. The main constraints are presented. The two proposed special types of 
HESGs termed as ARC-PMSG with SCL and ARC-PMSG with ACL are 
compared with the traditional EESG and PMSG in island operation.    
 

• The thesis provides an electromagnetic design based on the analytical 
calculation of the proposed ARC-PMSG with ACL. 
 

• The thesis considers the thermal modeling and analysis of the studied ARC-
PMSG with ACL. 
 

• The thesis demonstrates the test machine, which was built to verify the operation 
principle and predicted results of an ARC-PMSG with ACL. The experimental 
results are compared with the results of the analytical and numerical 
calculations.    

The results described in the thesis have been published in the following papers: 

1. Kamiev K., Nerg J. and Pyrhönen J., “Design of damper windings for direct-on-
line radial flux permanent magnet synchronous generators,” in IEEE EUROCON 
conference (EUROCON 2009), Saint-Petersburg, Russia, pp. 783–790. 
 

2. Kamiev, K., Nerg J., Pyrhönen J. and Zaboin V., “Hybrid excitation 
synchronous generators for island operation,” in IEEE International Conference 
on Electrical Machines (ICEM 2010), Rome, Italy, pp. 1–6. 
 

3. Kamiev K., Zaboin V. and Pyrhönen J., “Hybrid excitation synchronous 
generators for diesel gensets,” in Marine conference in SMTU, Saint-Petersburg, 
Russia, 2012. 
 

4. Kamiev K., Nerg J., Pyrhönen J., Zaboin V. and Tapia J., “Feasibility of 
different excitation methods of synchronous generators in island operation,” in 
IEEE International Conference on Electrical Machines (ICEM 2012), Marseille, 
France, pp. 2902–2908. 
 

5. Kamiev K., Nerg J., Pyrhönen J., Zaboin V., Hrabovcová V. and Rafajdus P., 
“Hybrid excitation synchronous generators for island operation,” IET Electric 
Power Applications,  vol. 6, no. 1, January 2012, pp. 1–11. 
 

6. Kamiev K., Nerg J., Pyrhönen J., Zaboin V. and Tapia J., “Feasibility of an 
armature-reaction-compensated permanent magnet synchronous generator in 
island operation,” IEEE Transactions on Industrial Electronics, forthcoming. 
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7. Kamiev K., Pyrhönen J., Nerg J., Zaboin V. and Tapia J., “Modelling and testing 
of an armature-reaction-compensated permanent magnet synchronous 
generator,” IEEE Transactions on Energy Conversion, forthcoming. 
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2 Feasibility of an ARC-PMSG in island operation 
This chapter considers the feasibility of an ARC-PMSG in island operation based on a 
comparison with the traditional EESG. The comparison focuses on technical and 
economic aspects. The design considerations are discussed, and the proposed topologies 
of ARC-PMSGs are presented. The performance of SGs in island operation is studied 
by the two-dimensional (2D) FEA. 

2.1 Design considerations 

Table 2.1 presents the design requirements of a fictitious low-power SG for island 
operation. In general, an SG can be built as a salient or non-salient pole, and a radial or 
axial flux construction. To narrow down the design considerations, these criteria are 
discussed below. 

Table 2.1: Design requirements of a fictitious 400 kW, 
low-voltage SG for island operation. 

Parameter Value Unit 

Phase number, m 3 - 
Nominal power, Pn 400 kW 
Nominal line-to-line voltage, Un 450 V 
Frequency, f 60 Hz 
Rotational speed, n 900 rpm 
No-load induced phase voltage, Eph (0.9÷1.1)Uph V 
Sustainable short-circuit current, Isc 3In A 
Power factor at rated load, cos φ 0.8ind - 

 

2.1.1 Salient or non-salient pole construction 

The conventional non-salient pole EESGs are constructed with the pole pair numbers p 
= 1 and p = 2, and hence, they operate at relatively high rotational speeds (for example, 
at the 60 Hz frequency, the rotational speeds are 3600 rpm and 1800 rpm, respectively). 
The salient pole EESGs are usually produced with the pole pair number p ≥ 2, and 
hence, the rotational speed is lower than 1800 or 1500 rpm at the 60 or 50 Hz 
frequency, respectively. Because of the required rotational speed (see Table 2.1), an 
EESG usually represents a salient pole construction. 

In PMSMs, the PMs can be placed either on the surface of the rotor or buried in the 
rotor (interior PM rotor). In principle, a machine with rotor-surface-mounted PMs 
(SPM) refers to the non-salient pole SMs because the permeability of modern NdFeB 
PMs µr ≈ 1.04–1.05, which is close to the permeability of air. Further, the machine with 



2 Feasibility of an ARC-PMSG in island operation 40

an interior PM (IPM) rotor belongs to salient pole machines. The comparison of the 
machines with the SPM and IPM rotors is given in Table 2.2 (Kamiev et al., 2012). 

Table 2.2: Comparison of PMSMs with SPM and IPM rotors. 

Rotor type SPM rotor IPM rotor 

Demagnetizing field strength high low
Magnets mechanically vulnerable protected 
Damper winding construction difficult easy 
PM leakage flux low high 

Based on Table 2.2 and the above statements, it is natural to prefer a salient pole PMSG 
to a non-salient pole one in island operation. 

2.1.2 Radial or axial flux construction 

The two main mechanical constructions of electrical machines are radial and axial flux 
machines. An axial flux machine is inherently short but has a large diameter. A radial 
flux machine may be constructed with different length-to-diameter ratios. The 
traditional design guideline for well-designed multiple-pole synchronous machines is 
l/D ≈ π/4/p0.5 (Pyrhönen et al., 2008). As a result, low-speed multiple-pole machines 
usually have a low length-to-diameter ratio (l/D) while high-speed machines have a high 
length-to-diameter ratio. The advantages of the radial flux machine versus the axial flux 
machine are: 

• the rotor of a radial flux machine can be more robust compared with the rotor of an 
axial flux machine; 

• ideally, there are no axial forces in a radial flux machine between the stator and the 
rotor like in axial flux machines; 

• in some cases, the rotor of a radial flux machine can be built as hollow, and is thus 
easier to cool; 

• a required damper winding is easier to arrange in a radial flux machine, and 
• to produce a suitable inertia for the prime mover, the dimensions of the radial flux 

rotor can easily be adjusted. 

Summarizing the above arguments, an SG for island operation can be favourably built 
with salient poles and a radial main flux. 

2.2 SGs with different excitations 

In the previous chapter, it was shown that a pure PMSG for island operation has to be 
heavily overdimensioned and will thus be economically inefficient. Therefore, a pure 
PMSG was not considered. Only the conventional EESG and the proposed topologies of 
HESGs were designed in the study. The SGs were designed based on (Sergeev, 1969). 
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2.2.1 Conventional EESG 

The main geometry data of the conventional EESG that satisfies the design 
requirements given in Table 2.1 are presented in Table 2.3. The cross-sectional view of 
the conventional EESG is shown below together with other studied SGs, see Fig. 2.2a. 
The laminated stator of the SG is made of M600-50A. The iron poles of the laminated 
rotor, the material of which is Fe52, are attached to the solid rotor yoke, which is made 
of Fe52C. 

Table 2.3: Main geometry data of the designed SGs for island operation. 

Parameter EESG 6-2 
HESG 

ARC-PMSG 
with SCL 

ARC-PMSG 
with ACL 

Air gap diameter, Dδ 730 mm 730 mm 730 mm 730 mm 
Active length, l 512 mm 422 mm 476 mm 446 mm 
Air gap length, δ 5 mm 5 mm 5 mm 5 mm 
Number of stator slots, Qs 48 48 48 48 
Number of slots per phase and 
pole, q 2 2 2 2 

Number of phase turns, Nph 16 16 16 16 
Number of field winding turns 
per pole, Nf 

44 44 27 44 

PM dimensions, hPM × wPM  - 
22 × 143, 
22 × 135, 

mm2 

25 × 203, 
mm2 

25 × 150, 
mm2 

 

2.2.2 Proposed topologies 

As it was mentioned above, the HESMs can be classified according to the magnetic flux 
paths produced by the PMs and the field windings. Figure 2.1a presents the operating 
principle of a series HESM, where the flux generated by the field winding passes 
through the PMs. Further, Fig. 2.1b depicts a tentative operating principle of a parallel 
HESM, where the flux produced by the field winding does not pass the PMs. 

In the previous chapter, it was shown that to meet the requirements in island operation, 
an HESG must change its rotor excitation flux in such a way that it effectively 
compensates the armature reaction. By comparing the series and parallel hybrid 
excitation groups, it is evident that the machines of the series hybrid excitation group 
suit better for applications where the d-axis demagnetizing armature reaction is high. 
They evenly compensate the armature reaction and have a lower d-axis inductance Ld 
because the d-axis armature reaction flux goes through the PM material. Moreover, it is 
much easier to keep the air gap flux density almost constant with a series HESM rather 
than with a parallel HESM. 
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  (a)                        (b) 

Fig. 2.1: Operation principles of series and parallel HESMs. 
(a) Series HESM. 
(b) Parallel HESM. 
The red line represents the armature reaction, the black lines correspond to the PM flux and the 
blue lines refer to the flux generated by the excitation winding. In a parallel HESM, only a part 
of the armature reaction flux can be compensated, and therefore, this version has a somewhat 
limited capacity for the compensation compared with the series HESM. 
 

Table 2.4 presents the comparison of different HESMs considered in the previous 
chapter. Considering the advantages and drawbacks of different HESMs, we may 
conclude that all the machines are not suitable for island operation. The variation in the 
pole number of the SynPM machine in a constant speed operation becomes a drawback, 
because the machine requires a frequency converter to keep the frequency constant. A 
CRHE applies a simple structure, but because of the rotor end windings it tends to be a 
long machine, which is a disadvantage in applications where the space is limited, 
especially in ships. A DESM applies the same operation principles that are needed in 
island operation. But since the PMs are placed on the surface of the rotor, the machine 
has a high PM demagnetization risk during a sudden short-circuit, which is of a 
common occurrence in island operation. A PM-assisted SG as the DESM cannot meet 
the short-circuit requirement because of the harmful eddy currents induced on the PM 
surfaces during a sudden three-phase short circuit. Despite a low PM demagnetization 
risk, a CPPM suffers from a low efficiency and manufacturing problems. Moreover, a 
CPPM machine belongs to the group of parallel HESM. A hybrid excitation machine 
with a powdered iron core would have some manufacturing problems, and since the 
topology is totally closed, it may require water cooling, which further complicates the 
system. A field winding of an HEFS, as in the case of a CPPM in the desired power 
rating, tends to increase the dimensions of the stator. 
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However, in a correctly designed series HESG for island operation, the excitation 
current in the rotor is needed only to compensate the armature reaction and not to 
significantly control the air gap flux density. Consequently, the series excitation works 
perfectly and cannot be regarded as a drawback. Thus, instead of the excitation winding, 
the rotor winding could be called a compensating winding, and the whole machine ‘an 
armature-reaction-compensated permanent magnet synchronous generator’ (ARC-
PMSG). Of course, the compensating winding does not compensate the q-axis armature 
reaction but only the d-axis one. The power factor cosϕ = 0.8ind results in a large 
demagnetizing component on the d-axis, and therefore, a q-axis compensator is not 
necessary as it is not necessary in traditional SGs either. 

Applying the same principles of a series HESM, Figs. 2.2b–2.2d present the proposed 
topologies of the HESGs. The proposed HESGs employ the same identical laminated 
stator iron cores as for the conventional EESG illustrated in Fig. 2.2a. The rotor iron 
cores contain PMs and field winding coils. Table 2.3 provides the main geometry data 
of the proposed HESGs. The materials used in the HESGs are the same as for the 
EESG. The main disadvantage of these machines is the possible presence of slip rings 
and brushes. Since the structures and operation principle of the proposed machines 
resemble PMSMs because the PM poles still produce a large enough air gap flux 
density even without electrical excitation, the maintenance of brushes is easier than it 
would be for the conventional EESG. In emergency cases, the machines should work 
satisfactorily without any excitation current with a slightly reduced load. 

The topology shown in Fig. 2.2b is called the 6-2 HESG because it has six PM poles 
and two EE poles. There are two PMs embedded in a V position in each of the PM 
poles. The 6-2 HESG resembles the SynPM machine, which has four PM poles and two 
EE poles. In reality these are two different topologies. As it was mentioned above, the 
electrical poles in the SynPM machine have different polarities, which can be produced 
only when the number of pole pairs is odd; p = 3, 5, 7 etc., which includes one pair of 
EE poles. The proposed construction has the pole pair number p = 4, in other words, the 
pole pair number is even. In such machines where the number of pole pairs is even, p = 
2, 4, 6, 8 etc., the electrically excited poles will always have the same polarity and the 
flux is not circulated between two field winding poles. The SynPM machine can also be 
used among the proposed constructions, but this will require the application of a 
frequency converter on the grid to maintain the desired speed. To avoid the use of extra 
devices, the SynPM machine is not considered. The compensating windings of the 6-2 
version do not fully compensate the armature reaction as the effect of the field windings 
is limited to certain physical sectors of the machine. This is why the compensating 
capability of the version is somewhat weaker than the compensating capabilities of the 
4-4 and 8-8 versions presented in the following sections. 

The structure illustrated in Fig. 2.2c has four pairs of both PM and EE poles. In such a 
construction, the PMs and the excitation coils are located in every pole, and the flux 
resulting from the electrical excitation passes through the PMs. Since the current 
linkages are connected in series, the machine can be described as the ARC-PMSG with 
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series current linkages (ARC-PMSG with SCL). The PMs are embedded into the pole 
shoe leaving some space for iron bridges (iron space between the PM and the edge of 
the pole shoe). 

  

                             (a)                              (b) 

  
                             (c)                              (d) 

Fig. 2.2: Designed SGs with different excitations. 
(a) EESG. 
(b) 6-2 HESG. 
(c) 8-8 ARC-PMSG with SCL. 
(d) 4-4 ARC-PMSG with ACL. 
 

The topology shown in Fig. 2.2d has four PM poles with the same polarity and four EE 
poles again with the same but opposite polarity. The current linkages of the PMs and the 
field windings are alternated in this topology. When the rotor is rotated, a phase of the 
stator winding alternatively sees the current linkages of the PMs or the field windings. 
Therefore, this topology can be termed as the ARC-PMSG with alternated current 
linkages (ARC-PMSG with ACL). There are two PMs embedded in a V position in each 
of the PM poles. What is special to this topology is that all of its PM poles are of the 

PM
Iron
Copper

PM
Iron
Copper

PM
Iron
Copper
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same polarity. At no load this causes a slight magnetic unbalance in the machine with a 
small DC flux offset. This, however, causes no special harm to the machine operation 
except that the winding arrangements are limited to some extent. 

The proposed HESGs are dimensioned so that at no-load the machines work without 
electrical excitation, that is, there is only PM excitation. In rated operation, the field 
winding has some positive current. During a short circuit, the excitation current is also 
positive to meet the short-circuit requirement. The possible field weakening operation is 
not used in this study unless the no-load voltage is reduced from 1.1 to 1 p.u. In such a 
case, a negative field winding current is needed. 

2.3 Finite element analysis 

To estimate the operation of the SGs, three different simulated tests (no-load, on-load 
and short circuit) were performed applying the Flux-2D software package by Cedrat 
Ltd. 

2.3.1 No-load test 

In the no-load test, the rotor of the generator is rotated at the nominal speed and the 
electrical excitation is changed. Each phase of the generator outputs is connected to a 
resistive load, which has a high enough value to imitate an open circuit. Figure 2.3 
shows the no-load flux lines of the EESG and the proposed HESGs. The air gap flux 
density distributions of the SGs are presented in Fig. 2.4. 

Figure 2.3 shows that from the electromagnetic point of view, the ARC-PMSGs remain 
symmetrical at different rotor current linkages. Therefore, modelling only a quarter of 
the rotor (two poles) is enough; this in turn will decrease the calculation time. Such 
symmetricity also leads to the easy analytic calculation of the machines. In the case of 
the 6-2 HESG, when there is zero excitation current, the symmetry goes only through 
half of the model, which allows analysing only half of the generator in the FEA. Such a 
construction also sets some limitations to the stator winding arrangements. The 
asymmetry of flux lines per pole in Fig. 2.3b makes the design process of the 6-2 HESG 
more difficult compared with the ARC-PMSGs. The same is naturally valid for all odd-
pole-pair machines.  

There are two relatively different magnetic circuits in the 6-2 HESG. The first magnetic 
circuit consists of the electrically excited and neighbouring PM poles. The second 
magnetic circuit includes pure PM poles. Both the magnetic circuits should be included 
in the design procedure. 
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     (a) 

 
               (b) (c) 

Fig. 2.4: Air gap flux density distributions. 
(a) 6-2 HESG. 
(b) ARC-PMSG with ACL. 
(c) ARC-PMSG with SCL and EESG. 
 

According to Faraday’s law, the RMS voltage induced in the conductor under each pole 
can be expressed as 

 ,cδcond vlBE =  (2.1)
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where Bδ is the RMS value of the air gap flux density over a pole, lc is the length of the 
conductor and v is the surface speed, which can be expressed as 

 ,
60
π δnDv =  (2.2)

where Dδ is the air gap diameter and n is the rotational speed in [rpm]. 

Table 2.5: Fundamental components of the air gap flux densities 
at three different excitation current densities for the SGs. 

Parameter EESG 6-2 HESG ARC-PMSG 
with SCL 

ARC-PMSG 
with ACL 

B1δpeak, T at 
Jf  = 0 p.u. 0 0.96 

(1 p.u.) 
0.87 

(1 p.u.) 
0.93 

(1 p.u.) 
B1δpeak, T at 
Jf  = 1 p.u. 

0.94 
(1.22 p.u.) 

1.06 
(1.1 p.u.) 

0.96 
(1.1 p.u.) 

1.02 
(1.1 p.u.) 

B1δpeak, T at 
Jf  = −1 p.u. 

-0.94 
(−1.22 p.u.) 

0.68 
(0.71 p.u.) 

0.78 
(0.9 p.u.) 

0.71 
(0.76 p.u.) 

Based on Eq. (2.1), the voltages induced in the conductors under different poles will 
have different values in the 6-2 HESG and the ARC-PMSG with ACL because they 
have different air gap flux densities under different poles. This effect causes some 
limitations in the winding arrangement of these machines. In the case of the EESG and 
the ARC-PMSG with SCL there are no limitations in the winding arrangement because 
of the symmetrical air gap flux densities. 

A common winding used in diesel generators is an ordinary three-phase double-layer 
distributed winding, and it is therefore applied to the following analysis also. In a three-
phase double-layer distributed winding, the number of coil groups is equal to the 
number of poles 2p. Therefore, the maximum number of parallel paths a in this winding 
is equal to the number of poles 2p. For example, in the considered SGs, the winding can 
be made with a = 1, 2, 4 and 8. Figure 2.5 presents the winding arrangement of the 
ARC-PMSG with ACL and the rotor pole positions when the voltage induced in the 
coils is due to one pole, which is either electrically or PM excited. 

 
Fig. 2.5: Winding arrangement of the ARC-PMSG with ACL of the phase U. 
Notations: EEp is the EE pole and PMp is the PM pole. 
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Figure 2.6 shows the connection of the winding coils in the ARC-PMSG with ACL. In 
Fig. 2.6a, the winding contains eight parallel paths, whereas in Fig. 2.6b, the winding 
has four parallel paths. Observing these connections, it is evident that the winding of 
this machine with a = 8 will have unbalanced parallel paths, that is, the voltages induced 
in the parallel paths will be different. This in turn produces circulating currents in the 
winding, and as a result, unnecessary copper losses. However, the winding with a = 4 
gives balanced parallel paths. Therefore, the maximum allowable number of parallel 
paths for the ARC-PMSG with ACL is a = p. 

(a) 

(b) 

Fig. 2.6: Connection of the winding coils in the ARC-PMSG with ACL. 
(a) Winding contains eight parallel paths (not feasible). 
(b) Winding contains four parallel paths. 
Notations: EEEp is the EMF due to the EE pole and EPMp is the EMF due to the PM pole. 
 

In the case of the 6-2 HESG there are three poles at a run with different air gap flux 
density magnitudes in the machine. Figure 2.7 provides the winding arrangement of the 
6-2 HESG and the rotor pole positions when the voltage induced in the coils is due to 
one pole, which is either electrically or PM excited. 

As it can be seen in Fig. 2.7, if the stator winding of the 6-2 HESG is connected with a 
= 8, obviously, the winding will contain unbalanced parallel paths similarly as in the 
ARC-PMSG with ACL. The same situation with unbalanced parallel paths occurs when 
the winding of the 6-2 HESG contains a = 4, see Fig. 2.8a.  However, when a = 2, see 
Fig. 2.8b, the voltages induced in the parallel paths are equal, and thus, the parallel 
paths are equal. Therefore, the winding of the 6-2 HESG is limited to two parallel paths. 
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Fig. 2.7: Winding arrangement of the 6-2 HESG. 
Notations: EEp is the EE pole, PMp1 is the PM pole close to the EE pole and PMp2 is the PM 
pole next to the previous one. 
 

 

(a) 

(b) 

Fig. 2.8: Connection of the winding coils in the 6-2 HESG. 
(a) Winding with four parallel paths (not feasible). 
(b) Winding with two parallel paths. 
Notations: EEEp is the EMF due to the EE pole, EPMp1 is the EMF caused by the PM pole close to 
the EE pole and EPMp2 is the EMF caused by the PM pole next to the previous one. 
 

Yet another effect resulting from the different magnitudes of air gap flux densities in the 
6-2 HESG and the ARC-PMSG with ACL is the saturation of some teeth at no load. 
Nevertheless, this saturation is slight, and under load the difference between the 
magnitudes of air gap flux densities under different poles becomes smaller.   
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Despite the original purpose of the armature reaction compensation according to Fig. 
2.4 and Table 2.5, the air gap flux densities effectively change as the electrical 
excitation current varies. When the field winding current is positive, it strengthens the 
rotor excitation, and the air gap flux density increases compared with the case of no 
electric excitation current. According to Table 2.5, the variation ranges of the air gap 
flux densities compared with the no-load air gap flux density or 1 p.u. at the excitation 
current density of 1 p.u. reach 10 % for all proposed HESGs. When the field winding 
current is negative, it weakens the rotor excitation, and the air gap flux density 
decreases compared with the air gap flux density corresponding to a zero excitation 
current.  

The maximum values of the air gap flux densities of the 6-2 HESG and the ARC-PMSG 
with ACL, especially under PM poles, seem somewhat higher than the common values 
(0.85–1.05 T). Nevertheless, the normal components of the flux densities in the stator 
teeth and yoke are within acceptable limits given in (Pyrhönen et al., 2008) to avoid 
saturation. Table 2.5 and Fig. 2.4 demonstrate the general operation principle of an 
HESM: the PM source provides the air gap with a constant current linkage, and the 
excitation winding acts as the flux regulator to adjust the air gap flux distribution and 
the total amount of flux.  

According to the machine constraints, the generator voltage must be kept between ±10 
% in all cases. Thus, all the machines are designed so that at no load the field winding 
current is equal to zero and the no-load induced phase voltage EPM = 1.1 p.u.  

2.3.2 On-load test 

In this test, the generator is rotated at the nominal speed, and it supplies the load at three 
different power factors: cos ϕ = 0.9cap, cos ϕ = 1 and cos ϕ = 0.8ind. The active-
capacitive and pure resistive loads are studied to observe the terminal voltage of the 
SGs, while the active-inductive load is used to calculate the efficiencies of the SGs at 
nominal power, that is, 400 kW. 

Figure 2.9a provides the curves of the terminal voltages of the SGs as a function of load 
current when the excitation current of the EESG is equal to its nominal value and the 
proposed HESGs work without electrical excitation, that is, Us = f (Is) at if = const, соs 
φ = const and f = fn. According to these curves, the voltages of the SGs at cos ϕ = 0.9cap 
are more than the allowed maximum value, in other words, 110 % of the rated voltage. 
This is because of the magnetizing armature reaction. To get the allowed terminal 
voltage, the excitation current must be decreased. Figure 2.9b demonstrates how the 
excitation current must be changed to get the rated voltage, that is, if = f (Is) at Us = 1 
p.u., cos φ = 0.9cap and fn= const. At a pure resistive load the voltages of all proposed 
HESGs are within the allowed range, that is, ±10 % of the rated value, whereas the 
terminal voltage of the EESG at the rated excitation current is above 1.1 p.u, see Fig. 
2.9a. 
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(a) (b) 

Fig. 2.9: Characteristics of the SGs.  
(a) Terminal voltage as a function of load current, Us = f (Is) at if = const, соs φ = const and f = 
fn. The dotted lines refer to cos φ = 0.9cap and the solid ones correspond to cos φ =1. The curves 
of the 6-2 HESG and the ARC-PMSG with ACL coincide. The excitation current of the EESG 
is the nominal value, while the proposed HESGs have a zero excitation current.  
(b) Excitation current as a function of load current, if = f (Is) at Us = 1 p.u., cos φ = 0.9cap and fn= 
const. 
 

As it can be seen in Fig. 2.9b, the excitation current of the EESG is positive while the 
excitation currents of the proposed HESGs must be negative to get Us = 1 p.u. This 
requirement must be taken into account in the excitation system of the proposed 
HESGs. 

In general, the machine efficiency is a ratio of the output to input powers, where the last 
term is a sum of the output power and the total losses. The total losses of an SG include 
mechanical losses, stator and rotor copper losses, stator iron losses and additional 
losses. The losses of the proposed HESGs can also contain PM losses. The efficiencies, 
loss distributions and power densities in the rated point of different SGs are given in 
Table 2.6. 

Mechanical losses are a consequence of bearing friction and windage. Bearing losses 
depend on the shaft speed, bearing type, properties of the lubricant and the load on the 
bearing. The overall mechanical losses of the horizontal-shaft salient pole generator can 
be expressed according to (Kasyanov, 1951) as 
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where 2p is the number of poles, l1 is the stator length and v is the surface speed. 
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Table 2.6: Efficiencies, loss distributions and power densities 
of SGs in the rated operating point. 

Parameter EESG 6-2 
HESG 

HESG with 
SCL 

HESG with 
ACL 

Mechanical losses, W 6400 5800 6200 6000 
Stator iron losses, W 3900 4600 4300 4600 
PM losses, W 0 6.4 4 4 
Stator copper losses, W 2500 2400 2500 2400 
Rotor copper losses, W 10300 5800 3400 3100 
Additional no-load losses, W 2000 2000 2000 2000 
Additional on-load losses, W 2000 2000 2000 2000 
Output power, W 400000 400000 400000 400000 
Efficiency, % 93.65 94.65 95.15 95.22 
Power density, W/kg 146 169 153 159 

 

The stator and rotor copper losses are the Joule losses expressed as 

 s
2
sCus, RmIP =  (2.4)

 f
2
fCur, RIP =  (2.5)

where m is the number of phases, Is is the stator phase current, Rs is the stator phase 
resistance, If is the field winding current and Rf is the field winding resistance. 

The stator iron losses and PM losses are estimated by the FEA. According to (Ugalde et 
al., 2009), the eddy current losses in PMs are calculated as the active power dissipated 
in these regions considering the magnets as solid conductors. The losses in electrical 
sheets are computed by the tool termed as Loss Surface Model (LSM) which is 
integrated in the FEM software FLUX®. 

The additional losses can be divided into two types: no-load and on-load additional 
losses. The first ones occur at no-load and do not change as a function of load. The 
load-dependent additional losses are generated when the load current increases. At no-
load, because of the stator slot openings, the air gap flux density pulsates, which in turn 
produces circulating losses on the rotor pole shoes. The on-load additional losses appear 

- in the stator teeth as a result of the third harmonic in the resultant magnetic flux. 
There is a third harmonic in the magnetic flux because of the excitation and a 
third harmonic in the armature reaction; 

- on the rotor poles shoes as a result of the tooth harmonics in the stator current 
linkage, 

- in the stator press plate as a result of the end leakage fluxes 
- and also in the mechanical parts of the machine.  
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The calculation of the additional losses includes the calculations of the additional losses 
both in the no-load and on-load operation. 

The no-load additional losses are the surface losses resulting from the fluctuations in the 
air gap flux density. The air gap flux density always decreases at the slot opening and 
increases at the tooth part. The frequency of such fluctuations depends on the number of 
slots and rotational speed. The additional losses at no load can be determined as in 
(Kopylov et al., 2005) 
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where 2p is the number of poles, αp is the relative pole width, τp is the stator pole pitch, 
l1 is the stator core length including cooling channels, Qs is the stator slot number, n is 
the rotational speed in [rpm], τus is the stator slot pitch, k0 is equal to 4.6, 8.6 and 23.3 
for the 1 mm and 2 mm core sheet thicknesses of the rotor pole and solid pole shoes, 
respectively, В1δ is the fundamental harmonic of the air flux density and kC1 is the Carter 
factor for the stator slots assuming a smooth rotor using for example the equations given 
in (Pyrhönen et al., 2008).  

The additional losses in on-load operation for the machines with the active power lower 
than 1 MW are assumed 0.5 % of the generator output power Pn, whereas for the 
generators with Pn > 1 MW they are determined as (0.25–0.4) % of the generator output 
power Pn. These values are determined for the rated power; to calculate the additional 
losses for other power values, the following expression can be used (Pyrhönen et al., 
2008) 

 ,~ 5.12
sadd fIP  (2.7)

where Is is the stator current and f is the frequency. 

As it can be seen in Table 2.6, the PM losses can be neglected. In actual machines there 
should be no significant PM losses because the PMs are buried quite deep. Moreover, 
because of the presence of the damper winding and the rotor lamination, the flux 
produced by the high harmonics should not penetrate deep enough. 

According to the calculated results, the efficiencies and power densities of HESGs are 
higher compared with the EESG. The ARC-PMSGs have higher efficiencies than the 6-
2 HESG, whereas the 6-2 HESG has the highest power density because it is the shortest 
construction. 

2.3.3 Short-circuit test 

The short-circuit test is carried out to verify whether the short-circuit requirement 
mentioned in the machine constraints is met: the sustained short-circuit current must be 



2 Feasibility of an ARC-PMSG in island operation 56

300 % of the rated current for at least 2 s. This condition is one of the most challenging 
requirements for pure PMSGs. During the test, the generator is rotated at the nominal 
speed, and all the three output phases are short circuited through switches. At the 
beginning, the switches are turned off and the generator is running at no load. After 
0.0333 s (two periods), the switches are turned on. The objective of the test is to observe 
the sustained short-circuit current. The results of the short-circuit tests are given in 
Table 2.7. 

Table 2.7: Results of the short-circuit test. 

Parameter EESG 6-2 HESG ARC-PMSG 
with SCL 

ARC-PMSG 
with ACL 

Sustained short-circuit 
current, Isc 

2040 A 2240 A 2880 A 2190 A 

Field winding current 
linkage, Θf 

9970 
A/pole 

11460 
A/pole 

3360 
A/pole 

5480 
A/pole 

Number of poles excited 
electrically 8 2 8 4 

Sum on field winding 
current linkages 79760 22920 26880 21920 

Current ratio, Isc/Is 3 3.5 4.5 3.4 

As it can be seen in Table 2.7, the ARC-PMSGs have lower current linkages per pole 
than the EESG and 6-2 HESG to meet the short-circuit requirement. However, the sum 
of the compensating current linkages is in the same range in all the HESGs. With the 
ARC-PMSG with SCL and the ARC-PMSG with ACL, the minimum desired short-
circuit current is achieved at 1.7 A/mm2 and 2.75 A/mm2, while with the EESG and the 
6-2 HESG, the field current densities are 5 A/mm2 and 5.75 A/mm2. The results of the 
short-circuit test fully demonstrate that all SGs can meet the short-circuit requirement. 

2.4 Excitation systems of the generators 

As the studied generators have field windings, an excitation control system supplying 
field winding current is needed. This is a disadvantage compared with a pure PM 
generator. However, this excitation system ensures the option to control the island 
voltage or the reactive power balance of the machine and to provide the short-circuit 
current required by the standards. 

Different excitation systems are considered for example in (Kundur, 1994; Pyrhönen, 
2007; Lipo, 2011). In principle, there are two methods to magnetize a separately excited 
machine: 

1. with slip rings and brushes and 
2. brushless excitation. 
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In the first method, the excitation current is conducted through slip rings to the field 
winding in the rotor. In island operation, the excitation current is supplied by a PMSG 
through a thyristor bridge, as shown in Fig. 2.10. The rotor of the PMSG is mounted on 
the same axis as the EESG, and therefore, the mechanical power needed for the 
excitation is obtained from the prime mover shaft. In network operation, the field 
winding can be fed from the grid by a thyristor bridge. A drawback of this method is 
that the excitation current passes through the slip rings of the EESG, and therefore, 
brushes are required. These brushes can carry high currents and therefore require 
constant maintenance. In comparison with the brushless system, the method where the 
excitation current is brought through slip rings and brushes gives a fast-responding 
excitation control despite the high inductance of the field winding. 

In the second method, the brushless system, there are three machines on the same shaft 
in island operation: 1) the main SG, that is, the EESG; 2) either an outer pole SG having 
its field windings in the stator and the armature on the rotor or a wound rotor IM 
supplying the field winding current for the main machine; and 3) a PMSG, which 
supplies the power to the second machine, see Fig. 2.11. In network operation, the third 
machine can be replaced with the grid, and therefore, the second machine is excited 
with a network supply. A thyristor bridge is needed to control the current. On the 
rotating rotor there is also a diode bridge that rectifies the current supplied by the 
second machine. A brushless system gives a maintenance-free EESG. However, the 
excitation current is changed by the time constants of the three machines, which results 
in a slow control of the excitation current. This is a disadvantage of the method. 

 
Fig. 2.10: Excitation system of the slip-ring EESG. 
During a short circuit, a large field winding current can be supplied through the exciter 
transformer. 
Notations: VT is the voltage transformer to the terminal voltage and CT is the current 
transformer to measure the current. 
 

The proposed HESGs can use the same excitation methods as the EESG to supply the 
DC current to the field winding. Figure 2.12 presents the excitation system of the 
proposed HESGs where the excitation current is brought through slip rings. Since the 
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proposed machines are dimensioned so that at no load the field winding current is equal 
to zero, the excitation system is needed only during the on-load and short circuit. As the 
proposed HESGs produce a constant EPM, the excitation energy can be taken from the 
machine terminals through the power transformer. To ensure a sufficient short-circuit 
field winding current, the excitation system could be equipped for instance with a 
supercapacitor supplying the field winding current during a stator short circuit and zero 
terminal voltage. To supply a negative field winding current, antiparallel thyristor 
bridges operated in a four-quadrant current-voltage plane are needed. 

 
Fig. 2.11: Excitation system of the brushless EESG. 
During a short circuit, a large field winding current can be supplied through the exciter 
transformer. 
Notations: VT is the voltage transformer to the terminal voltage, and CT is the current 
transformer to measure the current. 
 

 
Fig. 2.12: Excitation system of the proposed slip-ring HESGs. 
During a short circuit, the excitation system can be equipped with a supercapacitor to ensure a 
sufficient short-circuit current. 
Notations: PT is the power transformer to supply the excitation system, VT is the voltage 
transformer to the terminal voltage, and CT is the current transformer to measure the current. 
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Fig. 2.13: Excitation system of the proposed brushless HESGs. 
During a short circuit, the excitation system can be equipped with a supercapacitor to ensure a 
sufficient short-circuit current. 
Notations: PT is the power transformer to supply the excitation system, VT is the voltage 
transformer to the terminal voltage, and CT is the current transformer to measure the current. 
 

In the case of the brushless method, the excitation system becomes more complex to 
implement as rotating controlled electronics are needed, see Fig. 2.13. To produce the 
excitation power for the field winding, an additional outer rotor SM or a wound rotor 
IM mounted on the common shaft is needed. A diode bridge is rotated together with the 
shaft to rectify the current supplied by the additional machine. To conduct the excitation 
current in two directions, antiparallel thyristor bridges operated in a four-quadrant 
current-voltage plane are required. 

A brushed system is the most inexpensive solution to control the excitation in a hybrid 
generator. However, the brushes should last long as the field winding current in rated 
operation should be low when the generator is correctly designed. The benefits of the 
slip ring system are that it can easily change the direction of the field winding current 
and yields a fast-responding excitation control. 

2.5 Comparison of SGs 

The results of the FEA showed that all the SGs can meet the set requirements. 
However, the proposed HESGs showed better performances than the EESG. The 
proposed HESGs can work without electrical excitation in no-load operation, while in 
rated operation they can supply inductive loads with a load power factor cosϕ = 0.8ind, 
and during the short circuit, they can all meet the short-circuit requirement. A 
comparison of the active masses of the studied SGs is shown in Table 2.8. 
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Table 2.8: Active mass comparison of the SGs. 

Masses EESG 6-2 
HESG 

ARC-PMSG 
with SCL 

ARC-PMSG 
with ACL 

PM, kg 0 120 150 110 
Stator iron, kg 1010 820 930 880 
Rotor iron, kg 820 750 740 780 
Rotor copper, kg 660 610 640 620 
Stator copper, kg 250 60 150 120 
Total mass, kg 2740 2360 2610 2510 

 
According to Table 2.8, the proposed HESGs have lower total masses than the EESG. 
The 6-2 HESG has the lowest total mass. Regarding the PM mass, the ARC-PMSG with 
ACL has the lowest mass of the PMs. In general, modern PM materials are the most 
expensive components in an electrical machine. Therefore, considering the machine 
cost, the HESG with ACL seems the best one of the versions studied. 

Figure 2.14 demonstrates a comparison of the calculated efficiencies of the SGs with 
different excitations. The efficiencies are calculated based on the results of the rated 
load test, that is, all the SGs supply inductive loads with a load power factor cosϕ = 
0.8ind, and the electrical load is varied in the range of 25–125 % of the nominal load. As 
can be seen in Fig. 2.14, the efficiencies of the HESGs are obviously higher than that of 
the EESG in the range of 25–110 % of the nominal load. The maximum values of the 
efficiencies of the EESG, the 6-2 HESG, the ARC-PMSG with SCL and the ARC-
PMSG with ACL are 93.76 %, 95.17 %, 95.27 % and 95.32 %, respectively. 

 
Fig. 2.14: Comparison of the efficiencies of the SGs with different excitations. 
The efficiencies of the ARC-PMSGs are on top of each other. 
 

The results in Table 2.6 and Fig. 2.14 show that the efficiencies of the ARC-PMSGs are 
higher compared with the 6-2 HESG mainly because of the rotor copper losses. This can 
be explained by the fact that the electrically excited poles of the 6-2 HESG compensate 
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the armature reaction non-uniformly, whereas the ARC-PMSGs have more symmetrical 
compensating windings, which evenly compensate the armature reaction. The 6-2 
HESG needs more excitation current to compensate the armature reaction. 

2.6 Economic aspects 

Despite the fact that the proposed HESGs have better efficiencies and power densities 
than the conventional EESG, they can be criticized for the expensive NdFeB PMs, 
which essentially increase the total price of the generators. Therefore, an economic 
comparison of the proposed HESGs with the EESG is required. It is emphasized that all 
the calculations are simplified. 

In 2012, the price for a small order of a non-oriented fully processed electrical steel 
M600-50A coated and cut to a width according to the customer’s wish was about 1 
€/kg, including delivery (Surahammars Bruk, 2013). Let us assume that the prices for 
the electrical and constructional steels installed are the same, and they are 2 €/kg. 

By assuming that the price for insulated copper wire is 10 €/kg, it is possible to 
calculate the material cost of iron and copper, which is approximately 60–70 % of the 
total material cost (iron and copper + insulation, frame, bearings with end shields etc.). 

The price for the PM material depends for instance on the quantity, delivery time 
schedule, magnet shape, dimensional tolerances and surface quality. Therefore, the PM 
price has to be evaluated case by case. For the sake of simplicity, it is supposed that the 
PM price of Neorem 493a (Neorem Magnets, 2008) is 150 €/kg. 

The use of PM material does not usually make the production process more difficult to 
manage. Assuming that the manufacturer’s profit is 25 % of the total material cost, the 
generator price is  
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The calculated generator prices are presented in Table 2.9. 

Table 2.9: Calculated SG prices. 

Material EESG 6-2 
HESG 

ARC-PMSG 
with SCL 

ARC-PMSG 
with ACL 

NdFeB PM 0 18000 22500 16500 
Iron (stator + rotor) 3700 3200 3400 3400 
Copper (stator +  rotor) 9100 6700 7900 7400 
Generator price 25600 42200 50700 42100 
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In general, the fuel consumption of a genset depends on the fuel consumption of the 
diesel engine acting as the prime mover. Based on this, the annual fuel consumption in 
[€] can be expressed as 
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where Pout is the output power of the generator, η is the generator efficiency, ρdiesel is the 
diesel mass density, t is time and Cd is the diesel fuel price per litre. 

Assuming that the annual maintenance cost is 10 % of the annual fuel consumption, the 
annual operating cost is 

 [ ] [ ]. €nconsumptio fuelAnnual1.1 €cost operating Annual ×=  (2.10)

The annual revenue of an HESG is a difference between the annual operating costs of 
the SG and the HESG. The profit of an HESG genset over its lifetime can be determined 
as 

 [ ] [ ] [ ], years €revenueAnnual €Profit T×=  (2.11)

where T is the lifetime of the HESG. 

The price of 1 kWh produced by the generator is 
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The simplified payback period SPP of the HESG can be estimated as 

 .
revenue Annual

priceGenerator  SPP =  (2.13)

Assuming that the SGs operate at rated load for the whole year, Table 2.10 presents the 
economical efficiencies of the proposed HESGs calculated based on the above 
simplified considerations, where a four-stroke diesel engine Wärtsilä 4L20 is used as an 
example. The fuel consumption of this diesel engine at 400 kW is about 0.2 kg/kW/h 
(Wärtsilä, 2009). The diesel mass density is 0.83 kg/l and the diesel price is assumed to 
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be equal to 1.14 €/l (ABC, 2012). The lifetime of the generator is assumed to be at least 
20 years, for example. 

Table 2.10: Economic efficiencies of the proposed HESGs. 

Parameter EESG 6-2 
HESG 

ARC-PMSG 
with SCL 

ARC-PMSG 
with ACL 

Annual fuel consumption, k€ 1028 1017 1012 1011 
Annual operating cost, k€ 1131 1119 1113 1112 
Annual revenue, k€ - 12 18 19 
Total profit, k€ - 242 352 374 
Electricity price, € cent/kW/h 32.27 31.9 31.8 31.7 
SPP, years - 3.5 2.9 2.3 

Table 2.10 shows a good economic performance of the proposed HESGs compared with 
the EESG. In particular, the HESG with ACL has a better economic efficiency than the 
HESG with SCL. 

2.7 Summary 

This chapter dealt with the feasibility of an ARC-PMSG in island operation based on 
the comparison with the EESG. Four different SGs (EESG, 6-2 HESG and two ARC-
PMSGs 4-4- and 8-8) were designed. The operation principle of the proposed ARC-
PMSGs was discussed. 

The study and comparison of the EESG and the proposed HESGs was made by the two-
dimensional (2D) FEA. The results of the FEA showed that all four studied SGs can 
meet the main requirements for generators. However, the two proposed ARC-PMSGs 
showed better results than the traditional EESG and the 6-2 HESG especially from the 
efficiency point of view. This demonstrates that an ARC-PMSG could be the best 
solution. However, the proposed HESGs have two limitations. The first limitation 
relates to the stator winding: the base winding has to cover at least one pole pair. 
Parallel paths of single pole windings are not allowed. Finally, the second one refers to 
the complex brushless excitation system, if the generator load has an active-capacitive 
behaviour. 

The ARC-PMSG with ACL showed a better performance than the ARC-PMSG with 
SCL both from the technical and economic point of views: 

- high efficiency and high power density; 
- low total mass; 
- low mass of the expensive rare-earth PM material; 
- low electricity price and short simplified payback period. 

Therefore, it was decided to study an ARC-PMSG with ACL further. 
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3 Design procedure of an ARC-PMSG with ACL 
In the previous chapter, the ARC-PMSG with ACL demonstrated a better performance 
than the ARC-PMSG with SCL, and therefore, it was decided to study this topology in 
more detail. This chapter presents an analytical approach to the design of an ARC-
PMSG with ACL. The proposed design includes the electromagnetic design and thermal 
analysis of the ARC-PMSG with ACL. 

3.1 Electromagnetic design 

The main stages of the general electromagnetic design applied to the analytical 
calculation of either conventional EESGs or pure PMSGs can be considered to start 
from the definition of the machine dimensions, proceeding through the stator and rotor 
design to the determination of the main characteristics. 

Structurally, a stator of an ARC-PMSG with ACL is the same as for conventional AC 
machines, that is, either asynchronous or synchronous machines. Thus, the stator design 
for an ARC-PMSG with ACL consists of 

• determination of the main dimensions 

- inner and outer diameters; 

- real and equivalent lengths; 

- air gap length; 

• determination of the stator winding 

- winding type; 

- number of slots per pole and phase and winding factor; 

- air gap flux density; 

- number of parallel paths and number of phase turns; 

- suitable slot form, teeth width and teeth height; 

• calculation of the stator resistance and 

• calculation of the stator leakage inductance. 

The main characteristics of the HESG include calculation of losses and efficiency, 
machine parameters and active masses. The total losses include mechanical losses, 
stator and rotor copper losses, stator iron losses and additional losses, which were 
discussed in the previous chapter. The corresponding equations for the stator design and 
active masses can be found for example in (Pyrhönen et al., 2008), and are therefore not 
repeated here. 
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 Fig. 3.1: Algorithm for the rotor design of an ARC-PMSG with ACL. 
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The rotor design includes the calculation of 

• electrically excited poles; 

• damper winding; 

• PM poles and 

• compensating winding. 

The developed algorithm for the rotor design of an ARC-PMSG with ACL is presented 
in Fig. 3.1. Every item of this algorithm is described below. 

3.1.1 Electrically-excited pole 

An electrically excited (EE) pole of an ARC-PMSG with ACL is the same as for a 
salient-pole SM. The pole core usually consists of laminated sheets of 1–2 mm width, 
which are punched according to Fig. 3.2. The pole cores are usually made of 
constructional steel Fe52. To obtain a magnetic flux density that is close to a sinusoidal 
form, the pole shoes are shaped so that the air gap lengths at the pole edges are (1.5–3) 
times larger than in the middle, that is, δmax/δ0 = 1.5–3. It has been shown that the pole 
can have a form of an arc of a circle having a smaller radius than the stator. According 
to (Boldea, 2006), the outer rotor radius can be expressed as 
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where Dδ is the air gap diameter and bp is the pole shoe width. The pole shoe width is 

  ,ppр τα=b  (3.2)

where αp = 0.67–0.75 is the pole shoe relative width and τp is the pole pitch. 

The average air gap length can be determined as in (Soldatenkova and Boronina, 1993) 
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Figure 3.2 also provides two possible installation methods of a pole core to a rotor yoke. 
In SMs where the speed is vр ≈ πDδnн/60 > 30 m/s, the pole cores are attached to the 
rotor yoke by a dove tail, Fig. 3.2. In low-speed SMs, the pole cores are attached to the 
rotor yoke by bolts, which go through the rotor yoke and the round solid rim, see Fig. 
3.2b. The screws are tightened from the inner side of the round solid rim. 
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(a) (b) 
Fig. 3.2: Laminated pole sheet. 
(a) Installation of a pole core with a dove tail. 
(b) Installation of a pole core with bolts, which go through the rotor yoke and the solid rim. 
 

The lengths of the pole shoe lp and the pole core lm are usually the same as the stator 
length l1. 

 
 

(a) (b) 
Fig. 3.3: End plates. 
(a) Form of the end plate. 
(b) Fillet of the end plates. 
 

To support the compensating end winding, the pole core is compressed with the end 
plates and bolts, which go through the end plates and the laminated sheets of the pole 
core. The end plates are usually made of forged steel in the form of plates with curved 
edges or cast steel, see Fig. 3.3a. For the convenient installation of the excitation 
winding, the end plates are rounded at their edges as shown in Fig. 3.3b. 
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The thickness of the end plate lf is selected in the range of (1.5–3) ×10-2 m depending on 
the dimensions of the pole core. 

The pole core width is determined according to the allowable flux density Bm ≤ 1.4–1.6 
T. Based on this, the pole width is 

 ( ) ,
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p1δδ
m llkB

lB
b

+
=

τα
 (3.4)

where kr,Fe is the space factor of the pole core. 

The determination of the pole shoe height hp is based on the space required for the 
damper winding. (Tokov, 1975) suggests to define the pole shoe height hp as 

 ( ) ,3.0 rmpp dbbh +−≈  (3.5)

where dr is the diameter of the damper bar. 

The pole core height hm depends on the dimensions of the compensating winding, which 
are not defined yet. Therefore, it can be preliminarily estimated that (Kasyanov, 1951) 

 .186.0016.0 4
pm τ+≈h  (3.6)

The final dimensions of the pole shoe hp and the pole core hm heights are fixed after the 
design of the compensating winding. 

The length of the rotor yoke ly is assumed to be the same as the length of the pole core 
lm. The height of the rotor yoke hy can be expressed as 

 ,
2

´

yFer,y

p1δδ
y lkB

lB
h

τα
=  (3.7)

where By is the flux density in the rotor yoke, which is in the range of (1.0–1.3) T.   

3.1.2 Damper winding 

The design of a damper winding includes the determination of the number and 
dimensions of the damper bars and the short-circuit end rings presented in Fig. 3.4. 

Usually, the material of the damper winding is copper. In some synchronous motor 
cases, the damper winding is made of brass or bronze to increase the resistance and use 
this winding as a “starting winding”. 
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(a) 

 

(b) 

Fig. 3.4: Main parts of a damper winding. 
(a) Damper bars. 
(b) Segment of a short-circuit ring. 
 

According to (Vogt, 1996), the cross-sectional area of all damper bars located in the 
pole is taken as 20–30 % of the stator winding cross-sectional copper area per pole. The 
cross-sectional area of the short-circuit ring is selected approximately equal to 30–50 % 
of the cross-sectional area of the damper bars per pole. In order to reduce additional 
losses and distortions of the EMF, it is desirable to have the damper winding slot pitch 
τr close to the stator slot pitch τs (τr should diverge from τs by 10–15 %) but not the 
same. Based on these guidelines, it is possible to design a damper winding. 

The cross-sectional area of the damper bar is  
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where τp is the pole pitch, As is the linear current density and Js is the stator current 
density and Nr is the number of damper bars per pole. 

The diameter of the damper bar is then 

rd

z rbrh
rτ

scbsch



3.1 Electromagnetic design 71

 .
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The result from Eq. (3.9) is usually rounded up to a multiple of 0.5 [mm]. 

The damper winding slot pitch is 
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where bp is the pole shoe width, z is the distance between the pole shoe edge and the bar 
close to it. From the manufacturing point of view it is z ≥ (0.3–0.7) × 10-2 [m]. 

The form of the slot for the damper bar is round and can be closed or semi-closed. The 
diameter of the rotor slot ds is equal to dc + (1–2), [mm]. The length of the damper bar lc 
can be estimated as in (Kopylov et al., 2005)  

 .)4.02.0( ppc τ÷+= ll  (3.11)

The cross-sectional area of the damper winding end ring is 

 rrscscsc )5.03.0( SNhbS ÷== . (3.12)

where hsc is the height of the end ring and bsc is the end ring thickness.  

To make the damper winding robust enough, (Antonov, 1993) suggests to choose the 
end ring thickness as 

 .
3
2

rsc db ≥  (3.13)

3.1.3 PM pole 

A PM pole core of an ARC-PMSG with ACL consists of laminated sheets of 1–2 mm 
thickness. The material of the PM pole cores is the same as for the EE pole cores. The 
PM pole shoes are also shaped in the same way as the EE pole shoes to obtain an air gap 
magnetic flux density that is close to sinusoidal, and therefore, the PM pole employs the 
same pole shoe arc radius as the EE pole. 

The PM pole contains for instance two PMs embedded in a V position, see Fig. 3.5. To 
attach the PM pole to the rotor yoke as shown in Fig. 3.2b, the distance w between the 
PMs is needed for the bolts, which go through the rotor yoke and the round solid rim. 
The screws are tightened from the inner side of the round solid rim. The distance w 



3 Design procedure of an ARC-PMSG with ACL 72

depends on the stress, which acts upon the bolt as a result of the centrifugal forces. 
Setting the initial values of w, the PM width can be defined as 
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where Rr is the outer rotor radius and αp is the pole shoe relative width, which is the 
same as for the EE pole. 

 

Fig. 3.5: PM pole. 
 

The PM height hPM is determined based on the magnetic circuit of the studied topology 
operating at no load. 

3.1.4 Magnetic circuit 

Figure 3.6 presents the magnetic flux paths of an ARC-PMSG with ACL. Because the 
machine works without electrical excitation at no load, then according to Ampere’s law 
the permanent magnet current linkage at no load over a complete pole pair has to 
correspond to the magnetomotive force (mmf) of the magnetic circuit as 

  ,222d mPMmysmyrmpEEmdrmdsmδPMcPM UUUUUUUhHΘ ++++++===⋅∫ lH  (3.15)

where ΘPM is the PM current linkage, Hc is the PM coercive force, Umδ is the magnetic 
voltage of the air gap, Umds is the magnetic voltage of the stator tooth, Umdr is the 
magnetic voltage of the rotor tooth, UmpEE is the magnetic voltage of the EE pole, Umys 
is the magnetic voltage of the stator yoke, Umyr is the magnetic voltage of the rotor yoke 
and UmPM is the magnetic voltage of the PM. 

The solution for the PM height is 

w

hPM

wPM
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where Br is the PM remanent flux density and BPM is the PM flux density. The PM flux 
density can be determined from the following expression: 

 ( ) ,21 PMPMδ1PM lwBΦΦ ′=+= σ  (3.17)

where σ is the leakage factor, which is equal to the ratio of the leakage flux to the main 
flux σ = Φσ/Φδ1, and l´ is the equivalent machine length. The fundamental peak value of 
the main flux is 

 ,ˆˆ
p1δiδ1 lBΦ ′= τα  (3.18)

where 1δB̂ is the fundamental peak value of the air gap flux density and αi the saturation 
factor, which in the case of a sinusoidal flux density gets the value αi = 2/π. 

 

Fig. 3.6: Magnetic flux paths of an ARC-PMSG with ALC. 
The solid lines correspond to the PM flux paths, and the dotted lines represent the magnetic flux 
paths produced by the field coils. At no load, the machine operates without electrical excitation, 
that is, there is only PM flux. 
 

Since an ARC-PMSG with ACL works at no load without electrical excitation, and 
taking into account the main constraints, that is, the induced voltage at no load may 
differ only by 10 % of the rated voltage, the induced voltage at no load is set to EPM = 
1.1 p.u. 

3.1.5 Mechanical consideration 

To ensure a proper mounting of PM poles, the distance w between the PMs must be 
considered from the mechanical point of view. 
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The centrifugal force Fc acting upon the bolt is 
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where mpPM  is the mass of a PM pole, which includes the masses of the PMs, the iron 
core and the damper bars, Ω is the mechanical angular speed, Rav is the average radius, 
which can be equal to the outer rotor radius Rr, and v is the linear velocity. 

The stress acting upon the bolt is 
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where Sb is the cross-sectional area of the bolt and Nb is the number of bolts, which fix 
the PM pole. 

If the calculated stress exceeds the maximum allowable bolt yield strength, the distance 
w between the PMs must be increased to ensure a proper mounting of the PM poles. 
Naturally, special form magnets with space for the bolts could also be used, if desired. 

It should be kept in mind that the above mechanical calculation is simplified, and it 
includes only a small part of the calculation process that is related to the considered 
electromagnetic design. A more thorough mechanical analysis requires a separate study. 

3.1.6 Synchronous inductances 

In general, the direct-axis Ld and quadrature-axis Lq synchronous inductances are the 
sums of the corresponding magnetizing inductances Lmd or Lmq and the stator leakage 
inductance Lsσ. 

First, it should be noted that because of the special rotor structure, the ARC-PMSG with 
ACL has different air gap flux densities along the EE and PM poles, and therefore, the 
stator winding sees the average value of the flux densities, see Fig. 3.7. Consequently, 
the fundamental harmonics of the air gap flux densities in the d- and q-axes are 
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where 1d,qPMB̂ are the fundamental harmonics of the air gap flux densities along the PM 

pole in the d- and q-axes and qEE1d,B̂ are the fundamental harmonics of the air gap flux 
densities along the EE pole in the d- and q-axes. 
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The magnetizing flux linkage of a single-phase winding in the d- and q-axes can be 
expressed as 

 q1d,psw1qmd,
ˆ

π
2ˆ BlNkΨ ′= τ . (3.22)

 

(a) (b) 
Fig. 3.7: Air gap flux density distributions resulting from the d- and q-axis armature reactions. 
(a) Air gap flux density distributions caused by the d-axis armature reaction. 
(b) Air gap flux density distributions caused by the q-axis armature reaction. 
Notations: B1dPM are the fundamental harmonics of the air gap flux densities along the PM pole 
in the d-axes, B1dEE are the fundamental harmonics of the air gap flux densities along the EE 
pole in the d-axes and B1d,q are the fundamental harmonics of the air gap flux densities in the d- 
and q-axes. 
 

On the other hand, the air gap flux density can be determined by applying the current 
linkage of the phase 1sΘ̂  
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where δd,qeff are the effective air gap lengths in the d- and q-axes. 

Since the stator current linkage depends on the stator winding parameters, it can be 
concluded that the behaviour of the air gap flux densities in the d- and q-axes comes 
from the effective air gap lengths in the corresponding axes. Thus, the effective air gap 
lengths can be defined as 
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where δd,qeffEE are the effective air gap lengths in the d- and q-axes along the EE pole 
and δd,qeffPM are the effective air gap lengths in the d- and q-axes along the PM pole. 
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The d-axis effective air gap length along the EE pole consists of the air gap length 
above this pole and the effect of iron. As the EE pole shoe is cut to produce a sinusoidal 
air gap flux density, then 
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π
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where the coefficient ksat takes into account the effect of iron 
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The d-axis effective air gap length along the PM pole comprises the air gap length 
above this pole, the PM height hPM and the effect of iron. The PM pole has the same 
pole shoe form as the EE pole, and therefore 
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Inserting Eqs. (3.25) and (3.27) into Eq. (3.24) gives the expression for the d-axis 
effective air gap 
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The q-axis armature reaction flux does not pass the PMs but bypasses them. It goes 
along the rotor pole shoes mostly above the PMs. Since both the EE and PM poles have 
almost the same pole shoe widths, δqeffEE and δqeffPM are almost the same. The effective 
air gap in the q-axis with an air gap producing sinusoidal air gap no-load flux density 
can be determined for example according to (Heikkilä, 2002) 
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Inserting Eqs. (3.28) and (3.29) into Eq. (1.2) results in Lmd and Lmq. 

3.1.7 No-load characteristic 

The no-load characteristic E0 = f (Θ0) is defined based on the magnetic circuit 
calculation by varying the induced phase voltage. Figure 3.8 presents an example of the 
no-load characteristic in p.u., which is defined at five different values of E0. Because the 
HESG with ACL at no load works without excitation current, the initial point of its no-
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load characteristic corresponds to the PM-induced phase voltage, whereas in traditional 
SGs it is a zero point. The no-load curve below EPM is assumed to be linear with the 
slope of EPM/ΘPM.  

 

Fig. 3.8: No-load characteristic of the HESG with ACL. 
 

3.1.8 Phasor diagram 

As the voltage Us, the current Is, the power factor cos φ and the synchronous 
inductances Ld, Lq are known, the total induced voltage EPM+f in the rated point can be 
determined from a phasor diagram. Figure 3.9 provides a phasor diagram of an ARC-
PMSG with ACL, where the stator resistance is neglected. 

 

Fig. 3.9: Phasor diagram of the HESG with ALC. 
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The q-axis in the phasor diagram can be found by adding jωsLqIs to the stator voltage 
Us. Further, the total induced voltage EPM+f is determined by adding the armature 
reaction to the stator voltage Us: 

 .jj qqsddssfPM ILILUE ωω ++=+  (3.30)

3.1.9 Compensating winding 

In the series HESM, the total current linkage ΘPM+f can be expressed as the sum of the 
excitation current linkage Θf and the PM current linkage ΘPM = HchPM. Therefore, the 
desired excitation current linkage Θf is the difference between the total current linkage 
ΘPM+f which corresponds to EPM+f in the no-load characteristic and ΘPM. 

The cross-sectional area of the excitation winding conductor Sf is 
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where ρf is the resistivity of the material, Uf is the excitation voltage and lavf is the 
average coil turn length, which can be expressed as in (Sergeev, 1969) 

 ( ) .25.02 mmfav ++= bll  (3.32)

The excitation current If in the rated point is a product of the cross-sectional area Sf and 
the excitation current density Jf in rated operation. The number of excitation winding 
turns Nf is  
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3.1.10 Machine parameters 

To study the transient and steady states of the SMs, the machine parameters are 
required. The machine parameters of the SMs mainly contain resistances and 
inductances of 

- stator winding; 
- field/compensating winding and  
- damper winding.  

Based on the parameters of the above windings, it is possible to calculate the 
corresponding time constants and the transient and subtransient parameters. 
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The resistance of the series-connected compensating winding of an ARC-PMSG with 
ACL can be expressed as 

 .
f

favff
f S

lpNR ρ
=  (3.34)

The leakage inductance of the compensating winding Lfσ is determined as the difference 
between the compensating winding Lf and the magnetizing inductances Lmd, where Lf 
can be calculated for instance according to the empirical equation presented in (Sergeev, 
1969) 
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where λf is the field winding leakage permeance and kd is the d-axis armature reaction 
coefficient, which can be obtained for example according to (Balagurov, 1982) 

 ( )( ) ,01.01125.078.0 00pd γβα +−−+=k  (3.36)

where β0 = δ0 / τp  is the ratio between the minimum air gap length δ0 and the pole pitch 
τp, and γ0 = δmax / δ0 is the ratio between the maximum (at the edge of the pole shoe) δmax 
and minimum δ0 air gap lengths.  

The field winding leakage permeance λf is expressed as the sum of the following 
permeances: 

 .377.0654.0 mfmpf λλλλ ++=  (3.37)

The required permeances are calculated in the following way: 
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where ap = (bp – bm) / 2, dt = hp + δ0 – b2
p/(4Ds) and Cp = τp – bp – πdt / p. If dt / Cp < 

0.25, the first component in Eq. (3.38) must be neglected. 



3 Design procedure of an ARC-PMSG with ACL 80

(Danilevich et al., 1965) suggest to calculate the direct RD and quadrature RQ damper 
winding resistances according to the following empirical equations: 
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where Θs1 is the fundamental component of the stator current linkage, Cc is the ratio of the 
resistivity of the damper winding bar to the copper resistivity and Cring is the ratio of the 
resistivity of the short-circuit ring to the copper resistivity. If the material of the damper 
winding is copper, then Cc = Cring = 1, and if the winding is made of brass, then Cc = 
Cring = 4.  

The fundamental component of the stator current linkage is 
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Following (Danilevich et al., 1965), the damper winding leakage inductances in the direct 
LDσ and quadrature LQσ axes are: 
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 .75.0 DσQσ LL =  (3.45)
 

3.2 Thermal analysis 

One of the main drawbacks of the NdFeB magnets is the sensitivity to the temperature 
change, in other words, when the temperature increases, the magnet properties 
deteriorate. In the studied ARC-PMSG with ACL, the PMs are close to the 
compensating winding, which is one of the main sources of the heat flow. Therefore, 
special attention must be paid to the thermal analysis of the ARC-PMSG with ACL. 

The fundamentals of heat transfer are discussed for example in (Poole and Sarvar, 
1989). The general method for the thermal evaluation of electrical machines is the 
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Fig. 3.13: Equivalent thermal network of an ARC-PMSG with ARC. 
The grey nodes depict the places where the machine losses are concentrated. The green arrows 
refer to the heat flow in the axial direction, and the red ones correspond to the radial direction of 
the heat flow. 
 

The thermal resistances depicted in Figs. 3.11–3.13 are the convection and conduction 
resistances of the components, which are defined by the following equations: 

 ,
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conduction A
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=  (3.46)
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where li  is the length of the body in the heat flow direction, Ai is the cross-sectional 
area, λ is the thermal conductivity and α is the convection coefficient. The coefficients λ 
and α can be obtained for example according to (Nerg et al., 2008). 

To establish a system of equations where the temperatures are unknown, two laws are 
needed. The first one is the first Kirchhoff’s law, where the sum of the heat flows into a 
node is equal to the sum of the heat flows out of the node. The second law is the Fourier 
equation stating that the heat always flows from a hotter body to a colder body: 

 ,1212
o
2

o
1 RQtt =−  (3.48)

where o
1t  and o

1t are the temperature in nodes 1 and 2, respectively, Q12 is the heat flow 
between nodes 1 and 2, and R12 is the thermal resistance between these nodes.   

The desired temperatures in the steady state are calculated by solving the following 
matrix equation 

 ,PGΔT -1=  (3.49)

where ΔT is the temperature rise vector, P is the single-row power loss matrix 
containing the losses in each node, and G is the thermal conductance square matrix 
defined based on the thermal resistances shown in Fig. 3.13 
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3.3 Summary 

This chapter addressed the analytical calculation for the design of the studied ARC-
PMSG with ACL. Nowadays, analytical design guidelines for the traditional electrical 
machines are based on the experimental data gathered from different actual machines. 
Therefore, they give relatively reliable results. Based on this and the fact that the ARC-
PMSG with ACL inherently represents a combination of the EESG and the PMSG, the 
presented electromagnetic design of the machine relies on a combination of the 
guidelines for the analytical calculation of the EESG and the PMSG. The simplified 
thermal analysis was made mainly to check the average temperature in the PMs. Since 
the PMs are placed close to the compensating winding, the proposed topology can be 
criticized for the performance of the PMs, which are quite sensitive to the temperature 
rise. A detailed thermal analysis requires a separate thorough study of the topic.  
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The proposed ARC-PMSG with ACL has not yet been used for commercial purposes. 
Thus, the presented analytical design is the first effort into the analytical estimation of 
the machine performance, which must be confirmed by numerical calculation and 
experimental measurements. The next two chapters consider the test machine that was 
built to verify the design of the studied ARC-PMSG with ACL.    
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4 Test machine 
This chapter addresses the test machine of the ARC-PMSG with ACL. The main targets 
of the test machine are: to verify the developed electromagnetic design presented in the 
previous chapter by a finite element analysis (FEA), and to build a prototype to carry 
out the experimental measurements. The design requirements and main dimensions of 
the test machine are presented. The results of the analytical calculation given in the 
previous chapter and the FEA results are compared. The experimental prototype is 
discussed. 
 

4.1 Design requirements 

Since the stator of an ARC-PMSG with ACL is the same as for a conventional AC 
machine, it was decided to use the already existing stator and perform only the rotor 
design. The stator of the test machine originally belongs to an induction machine with 
69 kVA apparent power. The stator carries a three-phase single-layer full-pitched 
winding with three slots per pole and phase and four pole pairs. The rated voltage and 
frequency of the induction machine are 660 V and 50 Hz. The air gap diameter and 
length of the stator are 330 mm and 310 mm, respectively. By adding the main 
constraints (see Table 1.2) to the induction machine parameters, Table 4.1 presents the 
design requirements of the test machine. 

Table 4.1: Design requirements of the test machine. 

Parameter Value Unit 

Phase number, m 3 - 
Apparent power, Sn 69 kVA 
Nominal line-to-line voltage, Un 660 V 
Frequency, f 50 Hz 
Power factor, cos φ 0.8ind - 
Short-circuit current, Isc 3In - 
Air gap diameter, Ds 330 mm 
Length, l 310 mm 
Number of slots per phase and pole, q 3 - 

 

4.2 Main dimensions 

Based on the electromagnetic design discussed in the previous chapter and the FEA 
given below, a rotor of the test machine that satisfies the design requirements was 
designed, see Fig. 4.1. The stator winding concept of the test machine is given in 
Appendix C.1. The main geometry data of the test machine are provided in Table 4.2. 
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The no-load air gap flux density distributions across different poles are presented in Fig. 
4.3. The fundamental peak value of the air gap flux density across one pole pair pitch is 
0.95 T. To obtain the desired air gap flux density, the PM width/height must be 62/13 
mm. The analytical calculation gives the PM width/height of 64/12 mm, which shows 
quite a good agreement with the FEA. 

Figure 4.4 demonstrates the no-load PM-induced phase voltage waveform distribution 
and its harmonic content. In general, the voltage waveform distributions of synchronous 
generators have to be close to a sinusoidal one. The fulfilment of this requirement can 
be estimated for example by an index term called the total harmonic distortion (THD), 
which can be expressed as: 

   ,100THD
2

2
ν

1
∑
∞

=

=
ν

U
U

 (4.1)

where U1 is the RMS or peak voltage of the fundamental harmonic and Uν is the RMS 
or peak voltage of the νth harmonic. 

  

(a) (b) 

Fig. 4.4: No-load PM-induced phase voltage and its harmonic content. 
(a) No-load PM-induced phase voltage waveform distribution. 
(b) Harmonic content of the no-load PM-induced phase voltage waveform distribution 
(EPM,1=596.8 V, EPM,3=6.1 V, EPM,5=2.7 V, EPM,7=3.9 V, EPM,9=1.7 V, EPM,11=0.4 V, EPM,13=1.1 
V, EPM,15=1.2 V, EPM,17=2.4 V, EPM,19=1.4 V, EPM,21=1 V, EPM,23=1 V, EPM,25=0.5 V, EPM,27=0.6 
V, EPM,29=0.5 V). 
 

Based on the FEA, the THD of the no-load PM-induced phase voltage is 1.4 %, which 
demonstrates an almost sinusoidal waveform. 

Calculation of the magnetizing inductances is carried out as for the PM machine by the 
flux linkages determined by the Flux-2D for the direct and quadrature axis. To define 
the d- and q-axes of the test machine, as shown in Fig. 4.5, the rotor is rotated with the 
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pitch caused by the PMs in the direct axis and lBΦ ′= ptotδ1,totδ1P,
ˆ

π
2ˆ τ  is the peak of the air 

gap flux per pole pitch contributed both by the PM and the armature flux in the direct 
axis.  

Since the magnetic flux in the quadrature axis does not pass the magnets, they are 
modelled as vacuum in the quadrature axis. The magnetizing inductance is calculated 
from the air gap flux density, which is caused by the stator current only: 

 
,ˆ

ˆ
ˆ
ˆ

s

δ1phw1

s

q1
mq I

ΦNk
I
Ψ

L ==  (4.3)

where lBΦ ′= pδ1δ1
ˆ

π
2ˆ τ  is the peak air gap flux per pole pitch caused by the stator current 

in the q-axis. 

The comparison of the magnetizing inductances from the analytical and numerical 
calculations given in Table 4.3 gives tolerable errors, which give a good agreement 
between the analytical calculations and the FEA. 

Table 4.3: Comparison of the calculated magnetizing inductances. 

Parameter Analytical FEA Error 

d-axis magnetizing inductance, Lmd 
6.38 mH 
0.32 p.u. 

7.05 mH 
0.35 p.u. 8.6 % 

q-axis magnetizing inductance, Lmq 
9.69 mH 
0.48 p.u. 

9.56 mH 
0.47 p.u. 2.1 % 

Besides the achievement of the three-phase short circuit requirement, the ARC-PMSG 
has to withstand the demagnetization risk of the PMs. In the case of a short circuit there 
is a risk of irreversible demagnetization of the magnets (parts) caused by the strong 
opposing armature reaction at the beginning of the short circuit when the peak of the 
stator current is high enough. The low direct-axis synchronous inductance and the 
presence of a damper winding result in the low direct-axis subtransient inductance, and 
therefore, the first peak of the short-circuit current tends to be large. 

Unfortunately, in addition to the three-phase short circuit, a generator can suffer from  
two-phase or single-phase short circuits, which also expose the PMs to the 
demagnetization risk at the first peak of the short-circuit current. A single-phase short 
circuit is a short circuit of the grounded neutral, star-point-coupled cable with one of the 
stator winding phases. Two-phase and three-phase short circuits can occur as a result of 
a fault at the terminals of the generator or because of a damage in the cable connecting 
the generator with the load. 
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The magnets can be protected by selecting the generator geometry and the magnet grade 
carefully, which means choosing grades with the knee in the BH curve in the 3rd 
quadrant. This, however, leads to an increase in the PM price. The properties of the PM 
material used in this analysis are given in Appendix C.2. As it was mentioned above, 
the damper winding protects the magnets during a short circuit by not letting the 
armature fields to immediately penetrate the rotor. 

To observe the short-circuit endurance of the test machine, single-phase, two-phase and 
three-phase short-circuit tests are performed. The electrical circuits of the corresponding 
short circuits are depicted in Appendix C3. All the short circuits are applied in two 
conditions: 1) at no load when the compensating current is equal to zero, and 2) at rated 
load, that is, P = Pn, Us = Un, cos φ = 0.8ind, where the compensating current equals its 
rated value. The short-circuiting of all three phases is carried out at a moment when one 
of the line-to-line voltages changes its sign. This time period results in the highest first 
peak in the short-circuit current in that particular phase (Rilla, 2012). 

Figure 4.6 and Figure 4.7 demonstrate the short-circuit currents as a function of time 
when the short circuit is applied in no-load and rated load conditions, correspondingly. 
The single-phase short circuit gives the highest first peak in the short-circuit current in 
no-load and rated load conditions. Again, the two-phase short circuit gives lower peaks 
in the stator currents in both conditions. 

The short-circuit endurance is analysed based on the normal components of the 
magnetic flux densities along the paths 1–4 shown in Fig. 4.8 at a moment when the 
first high peak of the short-circuit current takes place. Table 4.4 presents the results of 
the flux densities along paths 1–4. 

Table 4.4: Normal component of the magnetic flux densities along paths 1–4 
when the short circuit is applied in no-load and rated load conditions. 

Parameter Short circuit Path 1 Path 2 Path 3 Path 4 

Short circuits are applied at no load condition 
Normal component 

of the magnetic 
flux density along 

paths 1–4, T 

Single-phase 0.49 0.5 0.5 0.5 
Two-phase 0.4 0.41 0.41 0.41 

Three-phase 0.34 0.35 0.35 0.36 
Short circuits are applied in rated load condition. 

Normal component 
of the magnetic 

flux density along 
paths 1–4, T 

Single-phase 0.45 0.46 0.46 0.46 

Two-phase 0.32 0.35 0.37 0.38 

Three-phase 0.77 0.78 0.78 0.78 

As it can be seen in Table 4.4, the three-phase short circuit is the most dangerous when 
applied at no load, while the two-phase short circuit is more critical than the two other 
ones when the short circuit is applied at the rated load. The results of the short-circuit 
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tests reveal that the test machine can tolerate short circuits because the critical knee 
point of the BH curve of the magnet at 100°C is lower than 0.3 T. It should be noted that 
the above evaluation was carried out in the worst case, when the short circuit is applied 
at the terminals of the generator, which is quite rare. Usually, the short circuits occur 
somewhere close to the generator load. The cables that connect a generator with its load 
have impedances of their own, which decrease the first high peak of the short-circuit 
current thereby reducing the demagnetization risk of the PMs.     

 
Fig. 4.6: Short-circuit currents as a function of time when the short circuit is applied at no load. 
The short circuits are initialized at 0.014 s. The first high current peaks at single-phase, two-
phase and three-phase short circuits are 1501 A, 737 A and 973 A, respectively. 
 

 
Fig. 4.7: Short-circuit currents as a function of time when the short circuit is applied at the rated 
load. 
The short circuits are initialized at 0.143 s. The first high current peaks at single-phase, two-
phase and three-phase short circuits are 1473 A, 709 A and 997 A, respectively. 
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5.1 Stator winding measurements 

The objective of this test is to determine the stator winding resistance Rs and the stator 
leakage inductance Lsσ, which represent the stator winding parameters. For accurate 
measurements of the stator winding parameters, the rotor of the test machine has to be 
removed. The analytical equations for the determination of these parameters can be 
found for instance in (Boldea, 2006). 

The experimental stator phase resistance Rs can be determined for example by supplying 
the stator winding with a DC current. Since the resistances of all phases are small and 
almost equal, it is advisable to connect them in series, as shown in Fig. 5.3. 
 

 
Fig. 5.3: Electrical circuit for the determination of the stator phase resistance. 
 

The stator phase resistance R0 can then be determined according to Ohm’s law as 

 ,
30 I
UR =  (5.1)

where U and I are the results of the voltmeter and ammeter readings. 

The results of the voltmeter and ammeter readings are obtained at ambient temperature 
of to

Amb = 20°C. Usually in operation conditions, the working temperature is higher than 
the ambient temperature. Therefore, the “cold” stator winding phase resistance R0 must 
be referred to the working temperature to

w. Since the design temperature of the stator is 
class 130 and the insulation of the stator winding is class 155, the working temperature 
is to

w = 75°C and the corresponding referred phase resistance R75 can be defined as 

 .
235
235
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o

w
o

075 t
tRR

+
+

=  (5.2)

To determine the stator leakage inductance Lsσ, the stator is supplied from a controllable 
three-phase voltage source. By controlling the voltage, the stator current is set to its 
rated value if possible. Despite the missing rotor, the three phase currents produce a 
rotating field in the stator bore. The stator represents an impedance Z. This impedance 
consists of the stator winding resistance Rs and the stator winding inductance Ls. The 
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The comparison of the analytically calculated and experimentally determined stator 
winding parameters, see Table 5.1, demonstrates quite a good correspondence between 
calculated and experimental parameters.  

Table 5.1: Comparison of the calculated and experimentally determined 
stator winding parameters. 

Parameter 
Test Calculated 

Absolute 
value 

Per unit 
value 

Absolute 
value 

Per unit 
value 

Stator phase resistance, R75 0.12 Ω 0.02 0.11 Ω 0.02 
Stator leakage inductance, Lsσ 2 mH 0.1 1.6 mH 0.08 

 

5.2 No-load test 

The no-load test was carried out according to the electrical scheme presented in 
Appendix D.1. In the no-load test, the star-connected stator winding of the prototype is 
open circuited and the field winding is supplied with different DC current values.  The 
rotor of the generator is rotated at the nominal speed by the DC machine. The objectives 
of the no-load test are: 

• to estimate the air gap flux density; 
• to determine the PM-induced voltage; 
• to observe the no-load induced voltages; 
• to build the no-load characteristic and 
• to reveal the stator iron and mechanical losses. 

To estimate the air gap flux density, a search coil of one turn was placed in the slots and 
wound around one pole pitch. Figure 5.5 illustrates the induced voltage Esc waveform 
distribution in the search coil and its first harmonic component Esc,1 as a function of 
time. 
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Fig. 5.5: Induced voltage of the search coil and its first harmonic component as a function of 
time. 
 

Since one turn of the search coil represents two conductors, the induced voltage of one 
turn Eturn can be presented by the induced voltage of the conductor Econd as 

 ,2 condturn EE =  (5.6)

where Econd is determined in Eq. (2.1). 

Based on Eq. (5.6) and Eq. (2.1), the fundamental peak air gap flux density is 0.93 T. 
According to the FEA, the air gap flux density is 0.95 T, which shows quite a good 
agreement with the experimental results. 

Figure 5.6a shows the no-load PM-induced phase voltage distributions in three phases 
and Fig. 5.6b provides the calculated and measured phase voltages waveforms. The 
measured RMS value of the PM-induced phase voltage is 402 V, whereas the calculated 
RMS value is 422 V, which gives a 5 % difference. This discrepancy can be explained 
partly by the fact that the effective length of the PM rotor is less than the real length of 
the machine because of the end effects. This issue has been studied for instance in 
(Pyrhönen et al., 2010). To increase the rotor effective length, the rotor length should be 
made longer than the stator length. Another explanation is based on the inaccuracy of 
the manufacturing of the rotor poles or a slight variation in the PM material properties. 
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(a) (b) 

Fig. 5.6: Induced phase voltages. 
(a) Measured no-load PM-induced phase voltages EPM. The RMS value is EPM = 402 V. 
(b) Calculated and measured induced phase voltages EPM. According to the FEA EPM = 422 V. 
 

The difference in the PM-induced voltages, again, influences the difference in the 
calculated and measured no-load characteristics, shown in Fig. 5.7. The no-load 
characteristic represents the open-circuit voltage E0 as a function of the compensating 
winding current If, i.e. E0 = f (If), at a zero stator current Is. As can be seen in Fig. 5.7, 
the measured no-load characteristic is almost linear compared with the calculated 
characteristic, which means that the machine will start to saturate at slightly higher 
compensating currents than calculated. 

 
Fig. 5.7: Calculated and measured no-load characteristic of the test machine. 
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By measuring the input power Pin0 for each open-circuit voltage, it is possible to 
determine the iron, windage and friction losses. The last two terms represent mechanical 
losses Pmech. As the speed is kept constant, the mechanical losses are constant, that is, 
Pmech = const. Only the iron losses Ps,Fe increase approximately with voltage squared, 
see Fig. 5.8.  

 
Fig. 5.8: Input power as a function of squared open-circuit voltage at the rated speed. 
 

Table 5.2 presents the comparison of the calculated and experimentally determined iron 
and mechanical losses. The results of the analytical calculation of the iron losses were 
obtained by using the equation given in (Vogt, 1983): 
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where mFe,ys and mFe,ds are the masses of the stator yoke and teeth, respectively, Bys and 
Bds are the flux densities in the stator yoke and teeth, respectively, P15 is the specific 
total loss of the material at 1.5 T and the frequency under observation, and kFe,ys and 
kFe,ds are the empirical correction coefficients, which for the SM are kFe,ys = 1.5–1.7 and 
kFe,ds = 2. The specific total loss of M600-50A according to (Surahammars Bruk, 2008) 
is 5.17 W/kg. 

The results of the FEA presented in Table 5.2 were obtained by the Loss Surface Model 
(LSM), which is integrated in the FEM software FLUX®. In Eq. (5.7) it is assumed that 
the flux densities in the stator yoke and teeth are uniformly distributed, which is not 
correct, and as a result, the difference between the analytical and experimental results is 
close to three times. The LS method in the 2D FEA also gives overestimated iron losses 
with the difference of about 30 %. The 3D FEA should give the results with low errors. 
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As it can be seen in Table 5.2, the mechanical losses are underestimated. The 
mechanical losses were calculated based on Eq. (2.3), which is usually used for the 
traditional SGs. The difference between the calculated and experimentally determined 
mechanical losses is about 40 %, which can be explained partly by the special structure 
of the test machine. Another reason lies in the fact that the rotor of the test machine was 
not balanced. A special analysis should be made in this area. 

Table 5.2: Comparison of the calculated and experimentally 
determined stator iron and mechanical losses. 

Parameter Analytical FEA Test 
Stator iron losses, Ps,Fe 1080 W 532 W 383 W 
Mechanical losses, Pmech 270 W - 438 W 

 

5.3 Sudden three-phase short-circuit test 

The sudden three-phase short-circuit test was carried out in order 1) to study whether 
the short-circuit requirement mentioned in the machine constraints is met: the sustained 
short-circuit current must be 300 % of the rated current for at least 2 s. This condition is 
one of the most challenging requirements for pure PMSGs; and 2) to determine the d-
axis synchronous inductance Ld. The sudden three-phase short-circuit test is made 
according to the electrical scheme presented in Appendix C.3. 

During the test, the generator is rotated at the nominal speed, and all three output phases 
are short circuited through switches. At the beginning, the switches are turned off and 
the generator is running at no load without electrical excitation. In the whole test, the 
excitation is produced only by the PMs, and the compensating winding is short-
circuited. After some time (several periods), the switches are turned on. The objective of 
the test is to observe the short-circuit currents in all phases. Figure 5.9 presents the 
variation of voltages and currents in time before and after short-circuiting the terminals 
of the armature winding with the shorted field winding. After short-circuiting the 
terminals, the armature currents stabilize into the sustained values Isc of the short-circuit 
currents. 

When the sustained short-circuit current Isc is reached, the field winding current If is 
increased until Isc = 3Is. Figure 5.10 provides the calculated and experimentally 
determined short-circuit characteristics where the sustained short-circuit current Isc is a 
function of the compensating current If. 
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Fig. 5.9: Variation in voltage and currents in time before and after a sudden three-phase short 
circuit. 
The sustained short-circuit current Isc is 2.3 times the generator nominal current Is. 
 

 
Fig. 5.10: Short-circuit characteristic. 
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As it can be seen in Fig. 5.10, the results of the calculated Isc at If = 0 are in a fairly good 
agreement with the experimental one, but a further increase in the excitation current 
gives different values of Isc. This can be explained by the difference between the 
calculated and actual PM-induced voltages EPM of the machine. The test machine 
requires more compensating current to compensate the armature reaction at short circuit. 
The short-circuit characteristic, however, proves that the test machine can meet the 
short-circuit requirement, that is, Isc = 3Is, when the excitation current is If = 29 A and 
the corresponding excitation current density is moderate Jf = 3.9 A/mm2. 

By the results of the short-circuit test it is also possible to determine the following 
quantities: 

• the short-circuit current components, e.g. subtransient I″, transient I′ and 
sustained short-circuit Isc currents; 

• direct-axis subtransient L″d, transient L′d and synchronous Ld inductances and 
• direct-axis subtransient τ′′d and transient time constants τ′d.  

The d-axis synchronous inductance Ld in p.u. can be expressed as: 

 ,
sc

PM
d I

EL =
 

(5.8)

where EPM is the no-load PM-induced voltage. The results of the calculated and 
experimentally determined d-axis synchronous inductances presented in Table 5.3 give 
quite a good correspondence between the FEA and the experimental results. The result 
of the analytical calculation is in a relatively good correspondence with the 
experimental one. 

Table 5.3: Comparison of the determined direct-axis inductances. 

Parameter Analytical FEA Test 

d-axis inductance, Ld 0.4 p.u. 0.45 p.u. 0.46 p.u. 

The subtransient and transient current components as well as the subtransient and 
transient inductances and time constants are defined using the curves of the short-circuit 
currents, see Fig. 5.11. To separate the asymmetrical or aperiodic armature current 
component from the alternating or periodic current component in each phase, the upper 
and lower envelopes of the short-circuit current curve must be extrapolated, as shown in 
Fig. 5.11a. An algebraic half-sum and algebraic half-difference of the ordinates of the 
upper and lower envelopes of the short-circuit current in different phases give the 
asymmetrical and alternating armature current components, respectively. 

The average curve of the armature current alternating component, which is determined 
as the mean arithmetic value of all alternating current components of all three phases, 
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consists of the sustained short-circuit Isc, the transient I′ and the subtransient I′′ 
components. To determine I′ and I′′, Isc is subtracted from the average curve of the 
armature current alternating component. The remaining part, which is the sum of (I′ + 
I′′), is plotted on a semi-log scale, see Fig. 5.11b. The extrapolation of the latter part of 
this plot to the time corresponding to the start of the short circuit gives the initial value 
of the transient current component I′0. The time needed for the transient current 
component I′ to decay to 1/e ≈ 0.368 of its initial value from I′0 = 146.6 A to I′ = 53.9 A 
is called the d-axis transient short-circuit time constant τ′d. In this test τ′d = 83 ms. The 
d-axis transient inductance L′d is the ratio of the no-load voltage EPM to the sum of the 
(Isc + I′0): 

 ( ).'0scs

PM
d II

EL'
+

=
ω

 (5.9)

The subtransient short-circuit current component I′′ is defined as the difference between 
the (I′ + I′′) curve and the curve representing I′. I′′ as a function of time is also plotted on 
the semi-log scale, see Fig. 5.11c. Extrapolation of this plot to the beginning of the short 
circuit gives the initial value of the subtransient current component I′0. The d-axis 
subtransient short-circuit time constant τ′′d = 12.6 ms is the time needed for the I′′ to 
decay to 1/e ≈ 0.368 of its initial value from I′′0 = 309.7 A to I′′ = 113.9 A. The d-axis 
subtransient inductance L′′d is the ratio of the no-load voltage EPM to the sum of the (Isc 
+ I′0 + I′′0): 

  ( ).''' 00scs

PM
d III

EL''
++

=
ω

 (5.10)

When the field winding is open circuited the test machine becomes a pure PMSG. The 
analyses of the short-circuit results in this case are carried out as discussed above with 
the exception that there is no transient current component I′ in the short-circuit current 
curves, and hence, there are no L′d and τ′d in this case. 

Table 5.4 presents the comparison of the experimentally determined inductances and 
time constants with the FEA. It should be noted that since the no-load voltage in the 
short-circuit tests was close to the rated value, the determined quantities are saturated. 
To obtain the unsaturated quantities, the tests should be made at lower no-load voltages, 
for instance (0.1–0.4)Un, which results in a high demagnetization compensating current. 

Table 5.4: Comparison of the determined inductances and time constants. 

Parameter Test FEA 

d-axis subtransient inductance, L″d 0.13 p.u. 0.14 p.u. 
d-axis transient inductance, L′d 0.19 p.u. 0.18 p.u. 
d-axis subtransient time constant, τ″d 0.013 s 0.140 s 
d-axis transient time constant, τ′d 0.083 s 0.218 s 
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(a) 

(b) (c) 

Fig. 5.11: Determination of the short-circuit current components and the corresponding time 
constants. 
(a) Short-circuit current of one phase as a function of time with the shorted field winding. The 
magnitude of the sustainable short-circuit current is Isc = 198.4 A.  
(b) Determination of the initial value of the transient current component I′0 and the d-axis 
transient short-circuit time constant τ′d. 
(c) Determination of the initial value of the subtransient current component I′′0 and the d-axis 
subtransient short-circuit time constant τ′′d. 
 

5.4 On-load test in island operation 

The on-load test in island operation was performed according to the electrical scheme 
presented in Appendix D.2. In these tests, the rotor of the generator was rotated at the 
nominal speed, that is, n = 750 rpm, and the generator supplied active resistors with 
different resistance values and an induction machine working at no load. The objectives 
of these tests are: 
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• to determine the quadrature-axis synchronous inductance Lq; 
• to build the external Us = f (Is) and regulation If = f (Is) characteristics and 
• to calculate the test machine losses Ploss and efficiency η; 

5.4.1 Quadrature-axis inductance 

The q-axis synchronous inductance Lq is determined applying Eq. (1.14) and Eq. (1.15), 
where Ld and Lq are represented as a function of the load angle δ and the power factor 
angle φ. Figure 5.12 presents the behaviour of Ld, Lq as a function of δ when the 
generator supplies the resistive load at a zero compensating current. The terminal 
voltage is Us = 1.04 p.u. and the stator current is Is = 0.34 p.u. 

 
Fig. 5.12: Synchronous inductances as a function of load angle at a pure resistive load. 
The PM-induced voltage is EPM = 1.05 p.u., the terminal voltage is Us = 1.04 p.u., and the stator 
current is Is = 0.34 p.u. The determined q-axis synchronous inductance is Lq = 0.63 p.u. 
 

Table 5.5: Comparison of the calculated and experimentally 
determined q-axis inductances. 

Parameter Analytical FEA Test 

q-axis synchronous inductance, Lq 0.56 p.u. 0.59 p.u. 0.63 p.u. 

As it can be seen in Fig. 5.12, the curves Ld = f (δ) and Lq = f (δ) define the normal 
salient and inverse-salient pole areas. Since Ld < Lq in the test machine, the determined 
value is Lq = 0.63 p.u. The final Lq is calculated as the average value at different 
resistive loads. The results of the calculated and experimentally determined q-axis 
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inductances presented in Table 5.5 give quite a good correspondence between each 
other. 

5.4.2 External and regulating characteristics 

For the traditional SGs, the voltage regulation characteristic shows how the machine 
voltage changes as a function of load at constant excitation, that is, Us = f (Is) at if = 
const, соs φ = const, f = fn. Since the PM excitation is dominating in a machine of this 
type, the external characteristic is built at a zero compensating current if = 0. 

Figure 5.13a provides the voltage regulation characteristics at three different power 
factors: соs φ = 1, соs φ = 0.9ind and соs φ = 0.8ind, the performance of which can be 
explained by the behaviour of the armature reaction. If the terminal voltage of the SG is 
expressed as 

 ,j ssssσsms IRILEU −−= ω  (5.11)

because of the relatively small values of Lsσ and Rs, it is easy to show that the terminal 
voltage is mainly determined by the air gap EMF Em. The behaviour of Em, or more 
precisely, the air gap flux linkage Ψm inducing this EMF, mainly determines the 
performance of the voltage regulation curve. The air gap flux linkage Ψm is more 
sensitive to the direct axis armature reaction since it is oriented in the same axis as the 
rotor excitation. 

  
(a) (b) 

Fig. 5.13: External and regulating characteristics. 
(a) External characteristic Us = f (Is) at if = const, соs φ = const and f = fn. 
(b) Regulating characteristic if = f (Is) at Us = const, cos φ = const and fn= const. 
 

When the load is resistive-inductive, that is, the current lags the voltage, see Fig. 5.13, 
there is a significant demagnetization armature reaction, which increases with the 
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machine load current Is, and therefore, the terminal voltage Us reduces when the current 
Is increases. At a pure resistive load, see Fig. 5.13a, there is also a demagnetization 
armature reaction, but the angle ψ between the q-axis and the current Is is less compared 
with the situation when the power factor is cos φ < 1. Therefore, the armature reaction is 
weaker than in the previous case, and the decrease in the terminal voltage Us is lower  
when the current I increases. At a resistive-capacitive load or when the current Is leads 
the voltage Us, the armature reaction is magnetizing, and thus, the terminal voltage Us 
should increase with the load rise. 

In general, the regulating characteristic is if = f (Is) at Us = const, cos φ = const and fn= 
const and reveals how the excitation current if should be changed at different loads to 
keep the terminal voltage Us constant. The regulating characteristics depicted in Fig. 
5.13b are built for three different power factors: соs φ = 1, соs φ = 0.9ind and соs φ = 
0.8ind. 

As it can be seen in Fig. 5.13b, because of the overmagnetized magnetic circuit at some 
low loads, depending on the load power factor, the test machine must operate with a 
negative compensating current. In most of the cases, the SGs are loaded at 60–80 % of 
the load, and therefore, no negative compensating currents are needed at resistive-
inductive loads. However, if the SG must supply purely resistive loads at the rated 
terminal voltage, some negative compensating current is needed at a low power. It 
should be noticed that at 70 % of the load and cos φ =1, the test machine can work 
without compensating current. 

If Un ±10 % voltage is allowed, the generator can work with a resistive load from zero 
to the rated power as a pure PMSG. 

With cos ϕ = 0.8ind load and –10 % voltage allowed, the generator can work up to 70 % 
of the rated load as a pure PMSG. 

5.4.3 Losses and efficiency 

The efficiency of an electrical machine is the ratio of the output power Pout to the input 
power Pin. Since it is much easier to measure the output power of the generator with 
relatively small errors, it is more convenient to present the input power Pin as the sum of 
the output power Pout and the total sum of losses ΣPloss, and thereby calculate the 
efficiency as 

 .
lossout

out

in

out

PP
P

P
P

Σ+
==η  (5.12)

Table 5.6 presents the comparison of the calculated and experimentally determined 
losses and the efficiency in the rated point and cos φ = 0.8ind. The total losses in Table 
5.6 contain mechanical losses, stator and rotor copper losses, stator iron losses and 
additional losses. The additional losses were not determined experimentally because of 
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the limited measuring tools. However, (Pahomin, 2007) as suggests, the additional 
losses are assumed to be 0.5% of the output power Pn for the SGs with the power less 
than 1 MW. Thus, the additional losses are equal to 275 W. 

Table 5.6: Comparison of the calculated and experimentally 
determined losses and efficiency in the rated point and cos φ=0.8ind. 

Parameter Analytical FEA Test 

Output power, Pn 55 kW 55 kW 55 kW 
Mechanical losses, Pm 270 W - 440 W 
Iron losses, PFe - 530 W 385 W 
Stator copper losses, PsCu 1190 - 1300 W 
Rotor copper losses, PrCu 587 W - 760 W 
Additional losses, Padd 275 W 275 275 
Total losses, Ploss 2855 W 3160 W 
Efficiency, η 95.1 % 94.6 % 

Figure 5.14 depicts the partial load efficiency characteristics with different load power 
factors as parameters, where the efficiency η is shown as a function of the load current 
Is. Usually, SGs do not work at a full load, but they are typically loaded in the range of 
60–80 % of the load. Therefore, the maximum efficiency should be in this range as in 
Fig. 5.14. 

 
Fig. 5.14: Partial load efficiency characteristics with different load power factors as parameters. 
 

5.5 Locked rotor test 

The subtransient inductances L″d, L″q characterize the machine behaviour in transients 
when their additional role is to deliver the electromagnetic coupling between the stator 
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and rotor windings. Figure 5.15 presents the equivalent circuit for the subtransient 
inductances L″d and L″q, where the notations are: Lsσ and Lfσ are the leakage inductances 
of the stator and field windings, respectively; LDσ and LQσ are the damper winding 
leakage inductances in the direct and quadrature axes, and Lmd and Lmq are the 
magnetizing inductances resulting from the direct and quadrature armature reactances. 

  

                                     (a)                           (b) 

Fig. 5.15: Equivalent circuits for the subtransient inductances of an SM. 
(a) Direct axis. 
(b) Quadrature axis. 
 

The equivalent circuits of a transformer and an asynchronous machine in a short-circuit 
condition resemble the equivalent circuits for the SM subtransient inductances depicted 
in Fig. 5.15. By taking this resemblance into account, the applied voltage test with the 
rotor locked in direct and quadrature axes can be used to determine the subtransient 
inductances L″d and L″q. During the measurements, the non-rotatable but pulsating air 
gap magnetic flux is produced to take into account the structural features of an SM and 
to ensure the inductive coupling between the stator and rotor windings in measurements 
similar to actual processes. The notion of "locked in the direct and quadrature axes" is 
relative to a particular phase. Indeed, the axis of one phase can be aligned with the 
direct axis or the quadrature axis, while the two other phases are not. The locking of the 
rotor should be defined in relation to one phase. 

 

Fig. 5.16: Machine test circuit for the determination of the subtransient parameters. 
 

When the symmetrical supply power occurs at some time instant, a current in one phase 
is equal to zero, whereas in two other phases the currents are equal and oppose each 
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other. The same situation is found in the test circuit presented in Fig. 5.16. The 
sinusoidal AC voltage with a constant frequency is supplied to two terminals of the 
generator. The field winding is short-circuited through an ammeter, where an AC 
current is flowing. The ammeter will have the maximum deviation if the magnetic field 
is oriented along the rotor pole axis, which corresponds to the direct-axis position. The 
minimum deviation in the ammeter corresponds to the quadrature-axis position. 

The direct and quadrature positions can also be defined by applying DC current into any 
two line terminals of the armature winding. It is also possible to connect one phase coil 
branch in series with the parallel connection of the other two phase coil branches and let 
a DC current run in the windings. The rotor aligns with the flux generated by the DC-
current-fed phase coils. If the polarity of the DC current is changed, the rotor should be 
aligned accordingly. These positions are determined as d-axis positions, and the q-axis 
position is in the middle of these two d-axis positions. 

When the AC voltage supply is applied, the rotor is slowly rotated to determine the 
direct and quadrature axis positions. At the beginning, the AC voltage is set so that I ≤ 
(0.3–0.4) In. After that, the AC voltage is decreasing with 4–5 approximately equal 
intervals of the current. To determine the field winding leakage inductance in the direct-
axis position, the tests are carried out in two different conditions: 1) the field winding is 
short circuited and 2) the field winding is open circuited. 

Table 5.7: Comparison of the calculated and experimentally 
determined subtransient parameters. 

 Absolute 
value 

Per unit 
value 

Direct-axis subtransient inductance, L″d 
(the field winding is open circuited) 4.93 mH 0.24 

Direct-axis subtransient inductance, L″d 
(the field winding is short circuited) 3.67 mH 0.18 

Quadrature-axis subtransient inductance, L″q 7.63 mH 0.38 
Direct-axis subtransient resistance, R″d 
(the field winding is open circuited) 0.325 Ω 0.05 

Direct-axis subtransient resistance, R″d 
(the field winding is short circuited) 0.190 Ω 0.03 

Quadrature-axis subtransient resistance, R″q 0.389 Ω 0.06 

The subtransient inductances are determined based on the following equations: 

 ,
2qd, I
UZ =′′  (5.13)

 ,
2 2qd, I
PR =′′  (5.14)
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 .2
qd,

2
qd,qd, RZL ′′−′′=′′  (5.15)

Table 5.7 presents the results of the measured subtransient parameters. 

5.5.1 Damper winding parameters 

The damper winding parameters are calculated from the applied voltage test with the 
fixed rotor when the field winding is open circuited. The damper winding resistance 
seen by the stator is: 

 .sqd,QD, RRR −′′=  (5.16)

If the iron losses are taken into account, the damper winding resistance seen by the 
stator becomes 
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.
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R
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−′′
=  (5.17)

In the case when an SM does not have a field winding that would correspond to the test 
when the field winding is open circuited, the subtransient inductances L″d and L″q are 
defined by a connection of the stator leakage inductance Lsσ in series with the parallel 
connection of the damper winding leakage inductance LDσ,Qσ and the magnetizing 
inductance Lmd,mq 
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The direct- and quadrature-axes damper winding leakage inductances solved from Eq. 
(5.19) and Eq. (5.20) are: 
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Table 5.8 presents the measured and analytically calculated values of the damper 
winding parameters. 
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Table 5.8: Comparison of the calculated and experimentally 
determined damper winding parameters. 

Parameter 
Measured Calculated 

Absolute 
value 

Per unit 
value 

Per unit 
value 

D-axis damper winding resistance, RD 0.317 Ω 0.05 0.06 
Q-axis damper winding resistance, RQ 0.380 Ω 0.06 0.05 
D-axis damper winding leakage inductance, LDσ 4.64 mH 0.23 0.05 
Q-axis damper winding leakage inductance, LQσ 12.9 mH 0.64 0.09 

Table 5.8 shows that the calculated damper winding resistances are more or less close to 
the experimentally determined ones. However, the experimentally determined damper 
winding leakage inductances are much higher compared with analytical ones. This can 
be explained by the wrong arrangement of the damper bars when the laminations of the 
pole shoes were cut. As can be seen in Fig. 4.10, the central three bars are buried deeper 
than the edged ones. This leads to an increase in the damper winding leakage 
inductance. 

5.5.2 Compensating winding parameters 

The compensating winding parameters include the compensating winding resistance Rf 
and the compensating winding leakage inductance Lfσ. The DC compensating winding 
resistance is determined in the same way as the stator winding phase resistance, see 
Section 5.1. 

The field winding leakage inductance is calculated from the applied voltage test with 
the fixed rotor when the field winding is short circuited. In this case, the subtransient 
inductances L″d and L″q are defined by a connection of the stator leakage inductance Lsσ 
in series with the parallel connection of the damper winding leakage inductance LDσ,Qσ, 
the field winding leakage inductance Lfσ and the magnetizing inductance Lmd,mq 
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Further, the solution for the field winding leakage inductance derived from (5.23) is: 
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Table 5.9 presents a comparison of the calculated and experimentally determined field 
winding parameters. According to this comparison, the difference between the 
calculated and experimentally determined results is about 30 %.  
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Table 5.9: Comparison of the calculated and experimentally 
determined field winding parameters. 

Parameter 
Measured Calculated 

Absolute 
value 

Per unit 
value 

Absolute 
value 

Per unit 
value 

Field winding resistance, Rf 0.936 Ω 0.13 1.076 0.17 
Field winding leakage inductance, Lfσ 3.83 mH 0.19 2.62 mH 0.13 

 

5.6 Network operation 

In these experimental tests, the test machine is operated in parallel with the network. In 
general, the requirements for an SG working in parallel with the network are almost the 
same as for an SG working in the island operation. The main difference is that the SG in 
network operation should also supply the capacitive load with cos φ = 0.9cap. However, 
the operation of an SG differs in network operation. In network operation, the grid is 
rigid and the generator terminal voltage level fully depends on the network voltage. In 
island operation, the power factor is determined by the load power factor, whereas in 
network operation the power factor depends on the machine excitation level. If the SG 
is overexcited, that is, the generator EMF Ef is more than the network voltage Us, the 
power factor has inductive behaviour, and if the SG is underexcited, that is, Ef < Us, the 
power factor acts as a capacitive one.  

The performance analyses of the test machine in network operation are based on the V-
curve and the regulating characteristics discussed below. 

The V-curve characteristic of an SG working in parallel with the network represents the 
stator current Is and the power factor cos φ as a function of the excitation current If, or 
the compensating current in this prototype, at a constant voltage, frequency and active 
power, i.e Un = const, fn = const, and P = const. As is known, the active power is P = 
mUnphIscos φ = mUnph Ia = const, where Ia = Iscos φ is the active component of the 
current. At the same time, P = TemΩs, where Tem is the electromagnetic torque of the 
generator, and the mechanical angular speed Ωs = 2πns = const, because the synchronous 
speed of the generator ns is constant. Therefore, the condition P = const means that the 
generator works at a constant electromagnetic torque. The experimentally determined 
V-curve characteristics of the test machine are presented in Fig. 5.17. 
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(a) (b) 

Fig. 5.17: V-curve characteristics of the test machine.  
(a) Stator current Is as a function of the compensating current If. 
(b) Power factor cos φ as a function of the compensating current If. 
 

As it can be seen in Fig. 5.17, the V-curves of the test machine resemble the V-curves 
of the traditional SGs with the exception that the underexcited parts (left parts of the V-
curves) lie in the negative part of the compensating current. The experimentally 
determined V-curves show that the proposed machine can work in parallel with the 
network by meeting the power factor requirement, that is, 0.9cap < cos φ < 0.8ind. 

As it was mentioned above, the regulating characteristic represents the compensating 
current as a function of stator current at a constant voltage, frequency and power factor, 
i.e. Un = const, fn = const, and cos φ = const, as shown in Fig. 5.18. 

As can be seen in Fig. 5.18, the curves of the regulating characteristics differ from the 
curves presented in Fig. 5.13b. According to Fig. 5.18, the test machine supplies the 
loads with the power factors cos φind = 0 ≤ cos φ ≤ 1 at positive compensating currents. 
This can be explained by the grid voltage Un, the nominal value of which is 400 V. 
During all these tests, the grid voltage was between 404 V and 405 V, which is higher 
than the test machine no-load voltage EPM = 402 V. Thus, the test machine was 
underexcited all the time. 

The behaviour of the regulating characteristics shown in Fig. 5.18 obviously 
demonstrates the effect of the armature reaction on the PM excitation. When the current 
Is lags the voltage Us, the armature reaction is demagnetizing, and to compensate this 
armature reaction, a positive compensating current If is needed. At a pure resistive load, 
the quadrature armature reaction does not significantly affect the PM excitation, and the 
compensating current is lower than in the previous case. When the current Is leads the 
voltage Us, the armature reaction is magnetizing, and therefore, the compensating 
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current If must change its polarity so that it becomes negative to compensate the 
magnetizing armature reaction. 

 
Fig. 5.18: Regulating characteristic of the test machine. 
 

5.7 Thermal analysis 

To determine the temperature in the PMs, two thermal sensors (Pt100) were placed 
between a PM and rotor iron, as shown in Fig. 5.19a. One sensor was placed right in the 
middle of the PM length and the second one was installed at 25 % of the PM length 
from it. The cables that connect the Pt 100 with a transmitter go into the shaft before the 
end shield bearing, see Fig. 5.19b. The transmitter is installed at the edge of the shaft 
whereas the receiver box is mounted on the end cap that covers the external fan. Inside 
the receiver box there is an IC chip FT245RL, which communicates with a PC over 
USB. 

The analytical calculation is based on the thermal resistance network discussed in 
Chapter 3. Since the built rotor is placed in the frame of an induction machine, the test 
machine is a conventional totally enclosed (TE) design. The thermal conductivities of 
the test machine materials in different regions were taken from (Polikarpova et al., 
2012).  The convection coefficients calculated based on (Monushko and Pomogaev, 
2009) are presented in Table 5.10. The temperature of the surrounding medium was 
25ºC. Table 5.11 presents the comparison of the calculated and measured temperatures 
in the PM, where the measured temperature is the average value of the results received 
from both sensors Pt 100. 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
-20

-10

0

10

20

30

40

Current, p.u.

C
om

pe
ns

at
in

g 
cu

rr
en

t, 
A

 

 

cos φ  = 0ind

cos φ  = 0.8ind

cos φ  = 0.9ind

cos φ  = 0.95ind

cos φ  = 1
cos φ  = 0.9cap

cos φ  = 0cap



5.7 T

Fig. 5
(a) A
(b) D
 

 

Altho
meas
temp

Thermal an

5.19: Photos 
Arrangement o
Displacement 

T

Co

Fra
   f
   p
   c
Be
Sta
   o
   i
Ro
Ai

ough the re
sured and 
perature lim

nalysis 

(a) 

of the built r
of the therma
of the comp

Table 5.10: C

onvection coe

ame: 
fan side 
prime mover
central part 
earing shield 
ator winding
outer part 
inner part 
otor end wind
ir gap 

Tabl

Paramete

Temperat

esults of th
calculated 

mits for the P

rotor prototy
al sensors Pt

pensating win

Convection c

efficient 

r side 

g 

ding 

le 5.11: Com
measured t

er 

ture in the PM

e analytical
results v

PMs. 

ype. 
t 100. 
nding and the

coefficients u

mparison of th
temperatures

Meas

M 50º

l calculatio
verify that 

e Pt 100 cabl

used in the th

Value 

 
105.02 
50.38 
49.57 
48.47 

 
18.55 
26.61 

147.08 
27.57 

he calculated
s in the PM.

sured Ca

ºC 

n give a hi
the mach

(b) 

les in the rot

hermal design

Unit 

 
W/(m2K
W/(m2K
W/(m2K
W/(m2K

 
W/(m2K
W/(m2K
W/(m2K
W/(m2K

d and 

alculated 

66ºC 

igher tempe
hine operat

tor. 

n. 

K) 
K) 
K) 
K) 

K) 
K) 
K) 
K) 

erature, bot
tes within 

121

th the 
safe 



5 Experimental results 122

5.8 Summary 

This chapter presented the steady-state and dynamic performance of the test machine. A 
number of tests to determine different characteristics and machine parameters were 
considered in detail. The results of the experimental measurements fully demonstrated 
the operation principle of the proposed armature-reaction-compensated permanent 
magnet synchronous generator and fulfilment of the defined constraints. The main 
parameters of the test machine are gathered and presented in Table 5.12. 

Table 5.12: Main parameters of the test machine. 

Parameter Symbol Absolute 
value 

Per unit 
value 

Apparent power Sn 69 kVA 1 
Nominal power Pn 55 kW 1 
Nominal voltage Un 660 V 1 
Nominal speed nn 750 rpm - 
Frequency fn 50 Hz - 
Nominal power factor cos φ 0.8ind - 
Electromotive force EPM 696 V 1.05 
Stator resistance Rs 0.12 Ω 0.02 
Leakage inductance Lsσ 2 mH 0.1 
D-axis synchronous inductance Ld 9.3 mH 0.46 
Q-axis synchronous inductance Lq 12 mH 0.6 
D-axis damper winding resistance RD 0.317 Ω 0.05 
Q-axis damper winding resistance RQ 0.380 Ω 0.06 
D-axis damper winding leakage inductance LDσ 4.64 mH 0.23 
Q-axis damper winding leakage inductance LQσ 12.9 mH 0.64 
Field winding resistance Rf 0.936 Ω 0.13 
Field winding leakage inductance Lfσ 3.83 mH 0.19 
Saturated d-axis subtransient inductance 
(with the compensating winding) L′′d,s 2.6 mH 0.13 

Saturated d-axis transient inductance L′d,s 3.8 mH 0.19 
Non-saturated d-axis subtransient inductance 
(with the compensating winding) L′′d,uns 3.67 mH 0.18 

Non-saturated d-axis subtransient inductance 
(without compensating winding) L′′d0,uns 4.93 mH 0.24 

Non-saturated q-axis subtransient inductance L′′q,uns 7.63 mH 0.38 
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6 Conclusions 
One of the main contributions of this research work is to propose an alternative solution 
where an ARC-PMSG replaces a traditional EESG in island operation meeting all the 
requirements set for SMs. The requirements for SMs in AC island include: 1) allowable 
voltage range (it must be within ±10 % of the nominal in all conditions); 2) the short-
circuit requirement (the sustainable short-circuit current must be three times the rated 
current); 3) and the nominal power factor must be cos φ = 0.8ind. 

Conventional SGs can easily meet the above requirements. However, when an SG 
tightly follows the main boundary requirements, it easily becomes quite a low-
efficiency machine. A compromise to the conventional SG could be a pure PMSG that 
has a high efficiency in the absence of the field winding losses. But since the main flux 
of the PMSG is not adjustable, it suffers from difficulties to meet the machine 
constraints. To meet the requirements, a pure PMSG must be heavily overdimensioned, 
being thus economically inefficient. Even avoiding the short circuit requirement, which 
refers to the old-fashioned relays, the PMSG is economically inefficient as long as the 
power factor is cos φ = 0.8ind. Therefore, combining the features of both types of SMs 
led to the study of the HESMs.  

Based on the main operation principle of the machine for island operation, that is, 
compensation of the armature reaction, two ARC-PMSGs (ARC-PMSG with SCL and 
ARC-PMSG with ACL) were proposed. The proposed ARC-PMSGs were compared 
with the series 6-2 HESG and the conventional EESG in Chapter 2. According to this 
comparison, the proposed ARC-PMSGs showed a better performance than the 6-2 
HESG and EESG. At the same time, the proposed ARC-PMSGs have a disadvantage 
regarding the brushless excitation system: if negative compensating current is needed, 
the excitation system of the ARC-PMSG becomes more complex than that of the 
brushed system. In addition to this drawback, an ARC-PMSG with ACL has a limitation 
in the winding arrangement: the maximum number of parallel paths is equal to the 
number of pole pairs. However, from the technical and economical points of view, the 
ARC-PMSGs with ACL has a better efficiency, a lower total mass, less expensive PM 
material, a lower electricity price and a lower payback time than the ARC-PMSG with 
SCL. Therefore, it was decided to narrow down the research work to the ARC-PMSG 
with ACL. 

The research work of the ARC-PMSG with ACL includes: 

• development of the electromagnetic design and thermal network for the steady-
state analysis; 

• verification of the analytical results with the numerical results and 
• building and testing of the prototype to compare the experimental results with 

the analytical and numerical ones. 
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The results of the developed electromagnetic design, that is, the PM dimensions and 
synchronous inductances, which represent the key issues in the design of the rotor of the 
ARC-PMSG, showed a relatively good correspondence with the numerical and 
experimental results. However, partly because the effective length of the PM-rotor is 
less than the actual length of the machine and partly because of the inaccuracy of the 
manufacturing of the rotor poles, the experimental results deviated slightly from the 
numerical calculations. The main discrepancy lies in the no-load PM induced voltage. 
The experimental no-load voltage was 5 % lower than the expected one. This in turn led 
to an increase in the compensating current under load and thereby to lower efficiencies 
at partial loads. Despite the insufficient efficiency of the test machine, the experimental 
results verified 

• the operation principle of the ARC-PMSG with ACL: the main flux is first 
produced by the PMs and the excitation coil is needed only to compensate the 
armature reaction to keep the terminal voltage constant under load, and 

• the sustainable short circuit current of the ARC-PMSG with ACL is three times 
the rated current for at least two seconds, which is one of the most challenging 
requirements for a pure PMSG. 

The thermal analysis based on the thermal resistance network was carried out mainly to 
determine the temperature in the PMs. Although the results of the experimental and 
thermal resistance network had some differences, both results confirmed that the 
temperature in the PMs lies in a safe region. 

To sum up, it could be concluded that the proposed ARC-PMSG with ACL seems a 
good high-efficiency alternative to replace a conventional EESG meeting the boundary 
requirements in an AC island. 

6.1 Suggestions for future work 

The future research of the ARC-PMSG with ACL for practical high-power applications 
requires designs limiting the q-axis armature reaction and minimizing the amount of PM 
material in the machines. This can be done by considering the topologies presented in 
Fig. 6.1. The original PMs shown in Fig. 4.1 can be split into two pairs of V-shaped 
PMs per pole, see Fig. 6.1a, or into three PMs per pole as shown in Fig. 6.1b. 
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    (a)                                  (b) 

Fig. 6.1: Topologies proposed for the future work. 
(a) Two pairs of V-shape PMs per pole. 
(b) Three PMs per pole. 
 

To improve the performance at a pure resistive load, which is characterized by the q-
axis armature reaction, some flux barriers can be provided in the PM poles. These flux 
barriers could effectively compensate the q-axis armature reaction. The corresponding 
analysis must be made and compared with the original proposed topology.  
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Appendix A 

A.1 Base values 

If the machine RMS rated phase current is Is and the RMS rated phase voltage is Us, the 
base value for 

- the current is sb 2II = ; 

- the voltage is sb 2UU = ; 

- the angular frequency sb 2 fπω = ; 

- the flux linkage is 
s
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b

b
b 2
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- the impedance is 
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- the inductance is 
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- the apparent power is ssbbb 3
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Appendix B 

B.1 Definitions of the thermal resistances 
Ryf Radial thermal resistance of the stator yoke and frame  
Rty Radial thermal resistance of the stator teeth and yoke 
Rsy Radial thermal resistance of the stator slot and yoke 
Rst Tangential thermal resistance of the stator slots and the teeth 
Rtgap Radial thermal resistance of the stator teeth and the air gap 
REEpδ1 Radial thermal resistance of the middle part of the EE pole shoe and the air gap 
REEpδ2 Radial thermal resistance of the edged part of the EE pole shoe and the air gap 
RPMpδ1 Radial thermal resistance of the middle part of the PM pole shoe and the air 

gap 
RPMpδ2 Radial thermal resistance of the edged part of the PM pole shoe and the air gap 
Rfp2 Radial thermal resistance of the compensating winding and the pole shoe 
REEp1 Radial thermal resistance of the EE pole core 
REEp2 Tangential thermal resistance of the EE pole core 
Rfp1 Tangential thermal resistance of the compensating winding and the pole core 
Rfδ Tangential thermal resistance of the compensating winding and the air gap 
Rbrδ Tangential thermal resistance of the iron bridge and the air gap 
RPM2 Tangential thermal resistance of the PM 
RPM1 Radial thermal resistance of the PM 
RPMp2 Tangential thermal resistance of the PM pole core 
RPMp1 Radial thermal resistance of the PM pole core 
RPMp3 Radial thermal resistance of the PM pole core and the rotor yoke 
REEp3 Radial thermal resistance of the EE pole core and the rotor yoke 
Rry3 Radial thermal resistance of the rotor yoke
Rry1, Rry2 Tangential thermal resistances of the rotor yoke 
RFr Axial thermal resistance of the frame 
RBsFr1,2 Thermal resistances between the frame and the bearing shields 
RInABs Thermal resistance between the inner air and the bearing shield 
RInAFr Thermal resistance between the inner air and the frame 
RsEndInA Thermal resistance between the stator end winding and the inner air 
RfEndInA Thermal resistance between the rotor end winding and the inner air 
RsEnd Axial thermal resistance of the stator winding 
RfEnd Axial thermal resistance of the rotor winding 
REEpA Axial thermal resistance of the EE pole 
RPMA Axial thermal resistance of the PM 
RPMpA Axial thermal resistance of the PM pole 
RryA Axial thermal resistance of the rotor yoke 
RFrAmb1,2  Thermal resistance between the frame and ambient 
RBsAmb1,2 Thermal resistance between the end shield and ambient 

  



137 
 

B.2 Definitions of the node numbers 

 

1, 11, 12 Temperature of the frame  
2 Temperature of the stator yoke 
3 Temperature of the stator teeth 
4 Temperature of the active part of the stator winding 
5 Temperature of the air gap 
6 Temperature of the EE pole core 
7 Temperature of the active part of the compensating winding 
8 Temperature of the PM 
9 Temperature of the PM pole core 
10 Temperature of the rotor yoke 
13, 20 Temperature of the bearing shields 
14, 19 Temperature of the inner air 
15, 17 Temperature of the stator end winding 
16, 18 Temperature of the rotor end winding 
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C.3 Electrical schematics of the short circuits 

 

 

Electrical schematic of the three-phase short circuit. 

 

 

Electrical schematic of the two-phase short circuit. 

 

 

Electrical schematic of the single-phase short circuit. 
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Appendix D 

D.1 Electrical schematic of the no-load tests 

 

 

 

 

D.2 Electrical schematic of the on-load tests 
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