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Permanent-Magnet Synchronous Generator

in Island Operation
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Abstract—Armature-reaction-compensated permanent-magnet
synchronous generators are a particular type of hybrid excitation
synchronous generators, where the main flux is created by the per-
manent magnets and the field winding is needed only to compen-
sate the armature reaction. This paper studies the feasibility of an
armature-reaction-compensated permanent magnet synchronous
generator in island operation by comparison with a conventional
electrically excited synchronous generator and permanent magnet
synchronous generator. The aim of this paper is to demonstrate
the performance of an armature-reaction-compensated perma-
nent magnet synchronous generator and its operation principle
in island operation. As part of the study, a 55 kW prototype was
built and tested. The experimental results of the prototype are
presented.

Index Terms—Armature-reaction-compensated permanent-
magnet synchronous generator (ARC-PMSG), hybrid excitation
synchronous machine (HESM), island operation, permanent-
magnet synchronous machine, synchronous machine.

NOMENCLATURE

a Number of parallel paths.
Bδ Air gap flux density.
Dout Stator outer diameter.
Dr Rotor outer diameter.
Ds Air gap diameter.
Cfuel Fuel price.
Cgen Generator price and its maintenance.
E0 No-load induced phase voltage.
Ef Field winding emf.
f Frequency.
hPM Permanent-magnet (PM) height.
If Excitation current.
Id Stator current along direct axis.
Iq Stator current along quadrature axis.
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Is Stator current.
Isc Sustainable short-circuit current.
Jf Field winding current density.
kC1 Carter factor for the stator slots.
Ld Direct axis synchronous inductance.
Lq Quadrature axis synchronous inductance.
l1 Length.
m Phase number.
Nf Number of field winding turns.
Nph Number of phase turns.
n Rotational speed.
Pin Input apparent power.
Pn Active power.
Pout Output apparent power.
p Number pole pairs.
Qs Number of stator slots.
q Number of slots per phase and per pole.
Sn Apparent power.
T Period, time, life time.
Un Rated line-to-line voltage.
Us Rated phase voltage.
wPM PM width.
αp Relative pole width.
δ Load angle.
η Efficiency.
Θf Field current linkage.
v Surface speed.
τp Pole pitch.
τus Slot pitch.
ϕ Phase angle.
ΨPM PM flux linkage.
Ψs Stator flux linkage.
ωs angular frequency.

I. INTRODUCTION

ONE OF the most important factors for the customers
while buying a synchronous generator (SG) is the price

of the electricity produced by a generator during its life time T .
More simply, the electricity price can be expressed as

Electricity price

[
C

kWh

]
=

Cgen[C] + Cfuel[C]

T [h]Pin

=
Cgen[C] + Cfuel[C]

T [h]Pout

η

(1)
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where Cgen is the generator price and its maintenance, Cfuel

is the price of the fuel (diesel, coal, gas, or water), Pgen is the
generator output power, and η is the efficiency of the generator.

As can be seen in (1), the main factors which influence on
the electricity price are: 1) fuel price; 2) generator reliability;
3) generator mass and dimensions; and 5) generator efficiency.

The last three items refer to the generator performance while
the fuel price depends on the amount of mineral products which
steadily decrease in the Earth. The generator reliability during
its operation and generator mass and dimensions determine
Cgen in (1) that is the initial cost of the machine.

Generally, to increase the reliability and efficiency of a gener-
ator, and hence to decrease the electricity price, it is necessary
to increase the mass and dimensions of the machine. For the
customers using generators in network operations, for example
in power plants, could still put up with the increasing masses
and dimensions. However, in the case of island operation,
for example in ships, the size and weight of the generator
are important and sometimes represent paramount importance.
Furthermore, one additional challenge comes from the fact
that generators in island operation must fulfill the requirements
given by classification societies.

Despite the mutual contradictory tendencies, that is to in-
crease the efficiency and reduce the weight and size of genera-
tors, the researches are trying to find compromise solutions, as
well to carry out the mutual fulfillment of both these trends in
the design of electrical machines by studying alternative tech-
nologies. One of these technologies represents hybrid excitation
synchronous generators (HESGs).

HESGs attract the researches more and more. In the lit-
erature, such machines are referred to by a number of dif-
ferent names, the most common being “a hybrid excitation
synchronous machine” (HESM) [1]–[7], “a double excitation
synchronous machine” (DESM) [8]–[12], and “a permanent-
magnet assisted synchronous generator” [13], [14]. Some com-
prehensive reviews of such machines are provided for example
in [15]–[17].

In HESGs, the total current linkage is produced by the
simultaneous action of two different rotor excitation sources: a
permanent magnet (PM) excitation and an electrical excitation.
The target behind the use of these two excitation sources is
to combine the advantages of permanent magnet synchronous
generators (PMSGs) and conventional electrically excited syn-
chronous generators (EESGs). PMs produce the main excitation
flux while the excitation winding mainly takes care of the
armature reaction compensation. Because of this action there
is no significant need to try to control the air gap flux of an
HESG after the correct design of the PM excitation. Thanks
to PMs, the electrical excitation losses are much lower than
those of SMs with conventional electrical excitation. If the
PM excitation is arranged so that the machine can run without
significant field winding current at its typical partial load, the
machine efficiency approximately corresponds to the efficiency
of a PM-excited machine.

In view of the key function of the field winding in
the machine discussed in this paper, the term “armature-
reaction-compensated permanent magnet synchronous genera-
tor” (ARC-PMSG) is used here.

TABLE I
MAIN BOUNDARY CONDITIONS FOR AN SG FOR AC ISLAND OPERATION

TABLE II
DESIGN REQUIREMENTS OF AN SG

HESGs for island operation were studied in previous works
[18], [19]. In earlier work [18], one asymmetrical and two
symmetrical possible topologies were considered. Since the
symmetrical topologies showed better performance than the
asymmetrical one, they were chosen in [19] for comparison
with a conventional EESG. This paper extends previous work
[19] by presenting a detailed analysis of the ARC-PMSG based
on FEA and experimental results.

This paper studies the applicability of an ARC-PMSG to a
marine diesel genset. This is the main reason why the analysis
is done in island operation. The contribution of the paper is
to propose a solution where an ARC-PMSG replaces an SG
for instance in ship electrical power generation while meeting
all the requirements for SMs given by classification societies,
particularly as regards island operation.

The aim of this paper is to present the performance of an
ARC-PMSG by comparison with the EESG and PMSG in
island operation, report a prototype of the ARC-PMSG, and
demonstrate the experimental results. In fact, the PMSG is
quickly eliminated in the paper for the considered application.
The comparison is finally between the ARC-PMSG and the
EESG.

The performance of the studied SGs in island operation is
studied by the two-dimensional (2-D) finite element analysis
(FEA), and their comparison is performed. As part of the study,
a 55 kW prototype of the ARC-PMSG was built to permit
evaluation of the predicted results.

II. SGs FOR ISLAND OPERATION

The main boundary conditions set for an SG in island oper-
ation determined in [15] are given in Table I. Table II presents
the design requirements of a low-power SG based on Table I.

Fig. 1 illustrates a phasor diagram of a salient pole SG that
meets all the aforementioned boundary conditions. Let us next
investigate the phasor diagram in more detail. It must be kept
in mind that the following analysis is done utilizing normalized
that is per unit values. In the rated operation when the rated
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Fig. 1. Phasor diagram of a salient pole SG that meets all the main boundary
conditions set. Ld = 0.2 p.u. and Lq = 0.68 p.u. in the diagram. The power
S = 1 p.u. and the phase voltage Us = 1 p.u. are set to their rated values.

speed is n = 1 p.u. and hence the angular frequency is ωs =
1 p.u., the rated phase voltage is Us = 1 p.u., the rated current
is Is = 1 p.u., and the field winding emf is Ef = 1.1 p.u.

According to the phasor diagram, it is possible to write the
following equations:

Us cos δ + ωsLdId =Ef (2)

Us sin δ =ωsLqIq (3)

where Id and Iq, the stator current components, can be ex-
pressed as

Id = Is sin(δ + ϕ) (4)

Iq = Is cos(δ + ϕ). (5)

Inserting (4) and (5) into (2) and (3), respectively, it is pos-
sible to solve the synchronous inductances Ld, Lq as functions
of the load angle δ and the power factor angle ϕ

Ld =
Ef − Us cos δ

ωsIs sin(δ + ϕ)
(6)

Lq =
Us sin δ

ωsIs cos(δ + ϕ)
. (7)

As can be seen in (6) and (7), only the d-axis synchronous
inductance Ld value depends on the emf Ef . If the sustainable
short-circuit current is three times the rated current, the maxi-
mum allowable Ld in p.u. in an SG is

Ldmax =
Ef

ωsIsc
=

1.1

3
= 0.37. (8)

Fig. 2 presents the behavior of the synchronous inductances
Ld, Lq as a function of load angle at Ef = 1.1 p.u., Ef =
1.3 p.u., Ef = 1.5 p.u. and cosϕ = 0.8ind. The ratio of the
synchronous inductances Lq/Ld as a function of load angle at
Ef = 1.1 p.u. and cosϕ = 0.8ind is shown in Fig. 3.

As can be seen in Fig. 2, when Ld = Lq , an SG becomes a
nonsalient pole machine, and the synchronous inductance Ld =
Lq = Ls is equal to 0.15 p.u. when the load angle is δ = 6.6◦.
When Ld < Lq , an SG is only a pure PMSG. In the case when

Fig. 2. Synchronous inductances Ld, Lq as a function of the load angle at
cosϕ = 0.8ind, S = 1 p.u., and Us = 1 p.u.

Fig. 3. Synchronous inductance ratio Lq/Ld as a function of the load angle
δ at Ef = 1.1 p.u., cosϕ = 0.8ind, S = 1 p.u., and Us = 1 p.u.

Ld > Lq , an SG can be either a conventional EESG or pure
PMSG [20].

According to Fig. 3, in the required boundary conditions
Ef = 1.1 p.u., cosϕ = 0.8ind, Ld = 0.37 p.u., S = 1 p.u., and
Us = 1 p.u., the ratio Lq/Ld is more than 10, which is difficult
to deliver in a pure PMSG. The ratio Lq/Ld ≤ 4 seems more
realistic, and therefore, reaching acceptable values of Lq is
possible only when Ld ≤ 0.22 p.u. The values determined for
Ld are low even for a pure PMSG, and thus result in a large
machine. This is due to the fact that the d-axis synchronous
inductance is inversely proportional to the machine dimensions
while the synchronous leakage inductance Lsσ has a relatively
low value [18]. It can be concluded that a pure PMSG for island
operation is overdimensioned, and hence, economically ineffi-
cient. Therefore, a pure direct-on-line PMSG is not suitable for
island operation.

Another important conclusion is that by varying the emf of
the excitation, see Fig. 2, it is possible to fulfill the desired
boundary conditions with the acceptable synchronous induc-
tances of an SG. The variation of the induced voltage is possible
by applying an electrical excitation which exists in conventional
EESGs and HESGs. Moreover, since the considered application
belongs to the constant speed application, because of f =
const, and the voltage must be nearly constant at different
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TABLE III
MAIN GEOMETRY DATA OF SGS WITH DIFFERENT EXCITATIONS

loads, the electrical excitation is needed mainly to compensate
the armature reaction to keep the air gap flux density nearly
constant.

III. SGs WITH DIFFERENT EXCITATIONS

This section considers the SGs with different excitations that
is the conventional EESG and two proposed HESGs which were
designed according to the requirements given in Table II. The
direct-on-line PMSG was not designed because it is not suitable
for island operation. Table III provides the main geometry data
of the designed SGs with different excitations.

A. Conventional EESG

Fig. 4(a) illustrates the cross-sectional view of the EESG
which satisfies the design requirements presented in Table II.
The conventional EESG was designed according to [21], [22].
The laminated stator of the SG is made of M600-50A. The
material of the laminated rotor iron poles is Fe52 and the
material of the solid rotor yoke is Fe52C.

B. Proposed HESGs

In the family of SMs, HESMs can be placed between sepa-
rately magnetized SMs and PMSMs. HESMs can be classified
according to the magnetic flux paths due to PMs and field
windings [2]: series HESMs and parallel HESMs. In series
HESMs, the PMs and field windings are connected in series:
the flux due to the excitation coils pass through the PMs, see
Fig. 5(a). In parallel HESMs, the trajectory of the PM flux dif-
fers from the flux produced by the excitation coil, see Fig. 5(b).

Series HESMs have been criticized for the fact that the field
winding has to excite the machine through the PM poles, which
is considered a drawback [11]. However, the issue is not at
all straightforward. By comparing series and parallel HESMs,

Fig. 4. Cross-sectional views of the designed SGs with different excitations:
(a)—EESG, (b)—ARC-PMSG with SCL, (c)—ARC-PMSG with ACL.

Fig. 5. Operation principles of HESMs: (a)—series HESMs; (b)—parallel
HESMs. The red line represents the armature reaction, the solid blue line
corresponds to the PM flux, and the dashed blue line refers to the flux produced
by the excitation winding or compensating winding in the case of the ARC-
PMSG.

it is evident that series HESMs suit better for applications
where the d-axis demagnetizing armature reaction is high. The
armature reaction in this topology has to travel through the PM
material, which results in a low inductance and a low armature
reaction. The excitation current in the rotor is needed only to
compensate for the armature reaction and not to significantly
control the air gap flux density. Moreover, it is much easier
to keep the air gap flux density nearly constant with a series
HESM rather than with a parallel HESM. Consequently, the
series excitation should work perfectly in island operation and
cannot be regarded as a drawback.

The operation principle of the proposed topologies depicted
in Fig. 4(b) and (c) in a simplified form is illustrated in Fig. 5(a).
The main idea of the operation principle is that the main flux
is first produced by the PMs, and the field winding coil is
needed only to compensate the armature reaction to keep the
air gap flux density approximately constant by adjusting the
excitation current. Thus, instead of excitation winding, the rotor
winding could be called compensating winding, and the whole
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machine an armature-reaction-compensated permanent magnet
synchronous generator (ARC-PMSG). In the proposed struc-
tures, see Fig. 4(b) and (c), each pole pair has both excitation
sources, and it is, therefore, possible to evenly compensate the
stator armature reaction. The proposed topologies employ the
same identical laminated stator iron core as for the EESG and
utilize the same materials used in the conventional EESG.

The structure illustrated in Fig. 4(b) has four pairs of both
PM and electrically excited poles. In such a construction, the
PMs and excitation coils are located in every pole, and the flux
produced by the electrical excitation passes through the PMs.
Since the current linkages are connected in series, the machine
in this paper will be called an ARC-PMSG with series current
linkages (SCL). The PMs are embedded in the pole shoe leaving
some space for the iron bridges.

The ARC-PMSG shown in Fig. 4(c) has four PM poles
with the same polarity and four electrically excited poles again
with the same but opposite polarity. 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 described as the ARC-PMSG with alternated
current linkages (ACL). There are two PMs embedded in a V
position in each of the PM poles.

IV. FEA

To estimate the operation of the EESG and proposed ARC-
PMSGs, three simulated tests (no-load, on-load, and short
circuit) were performed applying the Flux-2D software package
by Cedrat Ltd. All the calculations were performed using a 2-D
time stepping FEA.

A. No-Load

The no-load flux lines of the designed SGs shown in Fig. 6
verify the operation principle of the proposed ARC-PMSGs,
that is the flux due to the excitation winding passes through
the PMs. The air gap flux density distributions along one pole
pitch of the SGs are presented in Fig. 7.

As it can be seen in Fig. 7(a), the magnitude of the air gap
flux density in the ARC-PMSG with ACL across the PM pole is
different from the magnitude of the air gap flux density across
the electrically excited pole, which is due to the special rotor
structure of this machine. Observing Fig. 7(b), we can see that
the ARC-PMSG with the SCL and the EESG have the same
behavior of the air gap flux densities: the magnitudes are equal
under different poles.

According to Faraday’s law, the voltages induced in the
conductors under different poles will have different values in
the ARC-PMSG with ACL because it has different air gap flux
densities under different poles. This effect causes some limita-
tions in the winding arrangement of the machine. Considering
parallel paths a of the stator winding, the winding of the ARC-
PMSG 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

Fig. 6. No-load flux lines of the designed SGs: (a)—EESG, (b)—ARC-PMSG
with SCL, (c)—ARC-PMSG with ACL.

Fig. 7. Air gap flux density distributions: (a)—ARC-PMSG with ACL, where
Jf is the field winding current density; (b)—ARC-PMSG with SCL and EESG.

allowable number of parallel paths for the ARC-PMSG with
ACL is a = p. 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.

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

B. On-Load

In this test, the generator is rotated at the nominal speed, and
it supplies the load at three different power factors: cosϕ =
0.9cap, cosϕ = 1 and cosϕ = 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.
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Fig. 8. Terminal voltage as a function of load current, Us = f(Is) at if =
const, cosϕ = const, and f = fn. The dotted lines refer to cosϕ = 0.9cap
and the solid ones correspond to cosϕ = 1. The excitation current of the EESG
is the nominal value, while the proposed HESGs have a zero excitation current.

Fig. 9. Excitation current as a function of load current, if = f(Is) at Us =
1 p.u., cosϕ = 0.9cap, and fn = const.

Fig. 8 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 ARC-
PMSGs work without electrical excitation, that is, Us = f(Is)
at if = const, cosϕ = const, and f = fn. According to these
curves, the voltages of the SGs at cosϕ = 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. Fig. 9 demonstrates how the excitation current
must be changed to get the rated voltage, that is, if = f(Is)
at Us = 1 p.u., cosϕ = 0.9cap, and fn = const. At a pure
resistive load, the voltages of the ARC-PMSGs 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. 8.

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 (or Joule) losses, sta-
tor iron losses, and additional losses. The losses of the proposed
ARC-PMSGs can also contain PM losses. The efficiencies, loss
distributions, and power densities in the rated point of different
SGs are presented in Table IV.

TABLE IV
EFFICIENCIES, LOSS DISTRIBUTIONS, AND POWER DENSITIES OF

STUDIED SGS AT RATED OPERATING POINT

The mechanical losses of the horizontal-shaft salient pole
generator can be expressed according to [23] as

Pmech = 1.83 · 2p
√

l1

( v

40

)3

. (9)

The stator iron losses and PM losses are estimated by the
FEA. According to [24], 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 calculation of the additional losses includes the calcula-
tions of the additional losses both in the no-load and on-load
operation. The additional losses at no load can be determined
as in [21]

Padd,nl = 0.5 · 2pαpτpl1k0

(
Qsn

104

)1.5

×
(
B1δ(kC1 − 1)τus · 103

)2 · 10−3 (10)

where αp is the relative pole width, τp is the stator pole pitch,
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, B1δ is the fundamental harmonic
of the air flux density and kC1 is the Carter factor for the stator
slots assuming a smooth rotor.

The additional losses of the designed SGs in on-load opera-
tion are assumed to be 0.5% of the generator output power Pn.

As can be seen in Table IV, 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.

Table IV demonstrates that the efficiencies of the ARC-
PMSGs in comparison with the EESG are higher by 1.5%
mainly because of the rotor copper losses. Other losses of the
SGs are almost the same.

According to the calculated results, the efficiencies and
power densities of the ARC-PMSGs are higher compared with
the EESG.
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TABLE V
RESULTS OF THE FEA SHORT-CIRCUIT TEST

TABLE VI
ACTIVE MASS COMPARISON

C. Short Circuit

The short-circuit test by the FEA is performed to check
whether the short-circuit requirement mentioned in the bound-
ary conditions is met: the sustained short-circuit current must
be three times the rated current. The results of the short-circuit
tests of the SGs are presented in Table V. All three SGs can
meet the short-circuit requirement.

It should be noted here that the ARC-PMSGs can fulfill the
short-circuit demand at rated field winding current, while the
EESG needs to increase the excitation current by 1.5 times
the rated value. Usually, during a short circuit, the extra field
winding current in the conventional EESG is supplied for exam-
ple by excitation generators having a large voltage reserve for
the short circuit excitation. In brushed EESGs, suitable current
transformers are often used to supply extra current to the field
winding during a short circuit. With the ARC-PMSGs, such
arrangements could be simplified. This fact gives an additional
advantage to the ARC-PMSGs in comparison with the EESG.

V. COMPARISON OF SGS WITH DIFFERENT EXCITATIONS

The results of the FEA showed that all three studied SGs
can meet the boundary conditions. However, the ARC-PMSGs
demonstrated better results than the EESG. In no-load, the
proposed ARC-PMSGs work without electrical excitation.

Table VI provides a comparison of the active masses of the
EESG and two ARC-PMSGs. As can be seen in Table VI, the
total mass of the ARC-PMSG with ACL is by 8% lower than
that of the EESG. Additionally, the ARC-PMSG with ACL has
the lowest mass of the PM material which is the most expensive
component in an electrical machine.

Despite the expensive PMs of the ARC-PMSGs which result
in a higher price compare to the price of the EESG, the eco-
nomic study presented in [19] shows that the electricity price of
the ARC-PMSGs will be a bit lower. Moreover, the simplified
payback period of the ARC-PMSGs is one year for the ARC-

Fig. 10. Efficiency curves of the studied SGs. The efficiency curves of the
ARC-PMSGs are on top of each other because they are identical in practice.

PMSG with ACL and two years for the ARC-PMSG with SCL.
Thus, from the economical point of view, the proposed ARC-
PMSGs could be also competitive with the conventional EESG.

Fig. 10 provides efficiency curves of the studied SGs. The
efficiency curves are built based on the results of the on-load
test, that is, all the SGs supply inductive loads with a load
power factor cosϕ = 0.8ind at different load currents. As can
be seen in Fig. 10, the efficiencies of the ARC-PMSGs are
evidently higher than that of the EESG. Usually, the electrical
machines do not work at full load; in practice, the working
points lie in the range of 60%–100% of the load. Therefore,
the maximum efficiencies should be placed in the middle of
this working region as shown in Fig. 10. The maximum values
of the efficiencies of the conventional EESG and ARC-PMSGs
are 93.8% and 95.3%, respectively.

Summarizing the above results and analyses, it is evident that
the ARC-PMSGs showed better performance than the EESG
both from the technical and economic point of views. However,
the ARC-PMSG with ACL demonstrated the following results
better than the ARC-PMSG with SCL:

1) high power density;
2) low mass of the expensive rare-earth PM material;
3) low total mass and
4) short simplified payback period.

Therefore, it was decided to study an ARC-PMSG with ACL
further.

VI. EXPERIMENTAL RESULTS

To verify the operation principle of the proposed ARC-
PMSG and fulfillment of the boundary conditions, the test
machine was built. Based on the above results and analyses, it
was decided to construct an ARC-PMSG with ACL and 55 kW
power. The stator of the test machine originally belongs to an
induction motor, see Fig. 11. The stator of the test machine
employs the three-phase full-pitched single-layer winding with
three slots per pole and phase. The design specifications and the
main geometry data of the test machine are given in Tables VII
and VIII, respectively.

The assembled rotor of the ARC-PMSG with ACL shown in
Fig. 12 contains 5 damper bars per pole. The end ring of the
damper bars are replaced with the copper plates. To observe
the temperature in the PM, two thermal sensors Pt 100 were
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Fig. 11. Stator of the test machine which originally belongs to the induction
machine with the power of 55 kW.

TABLE VII
DESIGN SPECIFICATIONS OF THE PROTOTYPE

TABLE VIII
MAIN GEOMETRY DATA OF THE PROTOTYPE

installed between the PM and the rotor yoke, see Fig. 13. The
cables that connect the Pt100 with a transmitter go in the shaft
before the end shield bearing. 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, see Fig. 14. Inside the receiver
box, there is an IC chip FT245RL, which communicates with a
PC over USB. The temperature of the surrounding medium was
25 ◦C.

In the laboratory tests, the rotor of the generator was driven
by a dc motor through a torque transducer connected at the shaft
of the machine. The power of the dc motor is 180 kW. Since the
dc motor has limited rotational speed, it was decided to design
the test machine with the frequency of 50 Hz. The excitation
current of the machine was supplied from the dc stationary
supply which is controlled manually, see Fig. 14. The current

Fig. 12. Assembled rotor of the ARC-PMSG with ACL.

Fig. 13. Arrangement of the thermal sensors installed in the rotor side to
measure the temperature in the PM.

Fig. 14. Laboratory test setup: a dc machine with a power of 180 kW acts as
a prime mover at no-load, on-load, and short circuit.

and voltage measurements were performed at the terminals of
the machine.

Fig. 15 presents no-load PM-induced voltage distributions
in three phases. The measured RMS value of the PM-induced
phase voltage is 402 V, whereas the calculated RMS value is
419 V (or 1.1 p.u.) which gives a 4% difference. This difference
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 [25]. 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
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Fig. 15. Measured no-load PM-induced phase voltage waveform distribu-
tions. The RMS value is 402 V.

Fig. 16. Input power as a function of the squared open-circuit voltage at the
rated speed.

of the rotor poles or a slight variation in the PM material
properties.

In general, the voltage waveform distributions of SGs should
be close to a sinusoidal one. The fulfillment of this requirement
can be estimated for example by an index term called the total
harmonic distortion (THD), which can be expressed as

THD =
100

U1

√√√√ ∞∑
ν=2

U2
ν (11)

where U1 is the RMS or peak voltage of the fundamental
harmonic and Uν is the RMS or peak voltage of the νth
harmonic. Based on the experimental results, the THD of the
no-load PM-induced phase voltage is 3%, which demonstrates
almost a sinusoidal waveform.

Fig. 16 presents the results of the losses segregation at no-
load operation. By measuring the input power Pin0 for each
open-circuit voltage, it is possible to determine the iron and me-
chanical losses. 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.

The results of the 2-D FEA obtained by the LSM give
532 W, which are overestimated by 40% compared to the exper-
imental ones. The analytical calculation based on (9) which is

TABLE IX
EXPERIMENTAL RESULTS OF THE ON-LOAD TESTS

TABLE X
RESULTS OF THE SUDDEN THREE-PHASE SHORT-CIRCUIT TEST

usually used for the traditional SGs results in 270 W which are
lower than the experimental result. The difference between the
calculated and experimentally determined mechanical losses is
also 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.

In the on-load tests, the load of the generator represents
resistors with different values connected in parallel with an
induction machine which was working at no-load. The load
power factor was fixed at cosϕ = 0.8ind. The experimental
results of the ARC-PMSG with ACL at on-load are shown in
Table IX.

The results of the no-load and on-load tests verify the
operation principle of the ARC-PMSG with ACL: the main
flux is first produced by the PMs, and the excitation coils are
only needed to compensate the armature reaction to keep the
terminal voltage constant when the generator is loaded.

Table X demonstrates the results of the sudden three-phase
short-circuit test. According to these results, the ARC-PMSG
with ACL can provide the sustainable short-circuit current
which is three times the rated one.

The temperature sensors Pt 100 at 94% of the rated load
showed about 50 ◦C and during the short circuit tests the
temperature was increased up to 68 ◦C. The results of the
thermal sensors showed that the temperature in the PMs is
within the allowable limits.

VII. CONCLUSION

This paper dealt with the feasibility and prototyping of an
ARC-PMSG in island operation.

The analyses based on the phasor diagram showed that a
pure PMSG for island operation is overdimensioned and hence
economically inefficient. Therefore, a direct-on-line PMSG is
not suitable for island operation.

The designed conventional EESG and two proposed ARC-
PMSGs for island operation were presented. The operation
principle of the proposed ARC-PMSGs was discussed.

The study and comparison of the conventional EESG and
proposed ARC-PMSGs were done with the help of the 2-D
FEA. The results of the study showed that all three studied
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SGs can meet the main boundary conditions. However, from the
efficiency point of view, the proposed ARC-PMSGs performed
better than the conventional EESG. This demonstrates that an
ARC-PMSG has some potential to be an alternative solution
for island operation.

Among the two proposed ARC-PMSGs, the ARC-PMSG
with ACL demonstrated better results than the ARC-PMSG
with SCL. Therefore, the test machine of this topology was
decided to build and test it.

The experimental results of the test machine verified the
operation principle of the ARC-PMSG: the main flux is first
produced by the PMs, and the excitation coil is only needed
to compensate the armature reaction. The short-circuit tests
demonstrated that the proposed ARC-PMSG with ACL can
fulfill the short-circuit demand, that is, the sustainable short-
circuit current is three times the rated current for at least two
seconds, which is one of the most challenging requirements for
a pure direct-on-line PMSG.
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