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Abstract. In the paper, the concept of a permanent magnet synchronous generator (PMSG) with uniquely designed stator windings for wind 
turbines is presented. Two 3-phase windings in the stator are used, one of which is connected in the star, while the other in the delta configura-
tion. Six-pulse rectifiers, mutually coupled by the pulse transformer, whose primary winding is supplied by the so-called “current modulator”, 
are placed at the outputs of both windings. The modulator output current should meet all the necessary and strict requirements. Both rectifiers 
operate on a common DC circuit. These solutions provide the sinusoidal magnetomotive force in the stator of the PMSG and the quasi-sinu-
soidal (taking into account the non-linearity of the magnetic circuit) magnetic flux. In light of the generator principle, it has been called the 
“PMSG with modulated the magnetic flux”. The slightly higher complexity in the structure of the generator, as compared to the normal three-
phase construction, is compensated by the exceptional simplicity of the power electronics section of the system, which allows high efficiency 
to be reached. The current modulator (as well as the pulse transformer) is a power electronics converter with a relatively low output power as 
compared to the overall output power of the system. In comparison to other known solutions, the expected cost of the system should be lower. 
It is also expected that a high degree of reliability in terms of its operation will be achieved, and consequently, that the the ongoing costs of 
its maintenance will be reduced. In the paper, concept, theoretical basis of operation, and results of the studies of the simulation models of the 
generator, including the basic power electronics section, are presented.
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1.1. Induction generators. A squirrel cage induction gener-
ator (SCIG) is the most popular generator type of fixed-speed 
stall control wind turbines [2]. The advantages of this type of 
generator are that it is inexpensive to mass produce, that it is 
made with robust and easy technology, and that it has a direct 
connection to the grid [2 −4]. The disadvantages are: a limited 
range variation of speed, which is not controllable, and a mul-
tiple-stage gearbox. It also always consumes reactive power 
which is not controllable [4].

The following popular solution for RES is a doubly-fed 
induction generator (DFIG). The introduction of DFIGs was 
dictated by the demand for an increase in the level of power 
capture, the grid requirement for good power quality, as well 
as a reduction of the noise level and mechanical stress of the 
drivetrain [5]. The operation principle between a DFIG and 
a SCIG is the same, but a DFIG rotor has a three-phase winding 
instead of a squirrel-cage rotor like in the SCIG. The DFIG’s 
advantage over a SCIG is controllable reactive power. It is 
achieved through the rotor current in the converter. Sufficient 
range of variable speed and control over power flow direction 
also cannot be neglected [3]. Brushes and the multiple-stage 
gearbox, which require regular maintenance, can be a potential 
cause of machine failure. Because of the connection to the grid 
leading through expensive power electronic converters that are 
very sensitive to overcurrents, protection from grid disturbances 
is very complex [5−7].

1.2. Synchronous generator (SG). Nowadays, SGs have be-
come competitive for induction generators in terms of design 
[8−12]. Different designs of SGs have been developed, for ex-
ample: DC-current-excited rotors, claw-pole electrically-excited 

1. Introduction

Wind power has emerged as one of the most dominant sources 
of renewable energy with an immense growth potential across 
the globe. According to Global Wind Energy Council [1], 2015 
was an unprecedented year for the wind industry, as annual in-
stallations crossed the 60 GW mark for the first time in history, 
and more than 63 GW of new wind power capacity was brought 
on line. The last record was set in 2014, when over 51 GW 
of new capacity were installed globally. The new global total 
for wind power at the end of 2015 was 432 GW, representing 
a cumulative market growth of more than 17%.

The variable nature of wind energy sources (in terms of real 
power, reactive power, output voltage, and frequency) is a major 
issue. Various power conversion systems have been developed 
to fulfill the requirements of wind power generation. In this 
chapter, a brief review of the most commonly used state-of-
the-art generators is presented, emphasizing their advantages 
and vice versa.

The main types of generators used in renewable sources of 
energy (RES) are AC poly-phase machines. There are two major 
types: induction and synchronous. They vary by principle of 
operation, construction, size, application, and generated power. 
This section looks closely at two types of induction generators: 
squirrel-cage and doubly-fed, as well as three types of synchro-
nous generators: electrically excited, permanent magnet, and 
high-temperature-superconducting.
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rotors, permanent magnet rotors, and variable reluctance rotors 
[4]. Low speed and high torque SGs are called direct drive 
(DD) generators. In this solution, the rotor of a DD generator 
is directly connected to the hub of the rotor blades [4]. In com-
parison to a regular generator connected to a gearbox system, 
a DD generator rotates at a lower rotational speed. As a result, 
there is a need to produce a higher level of torque. The lack of 
a gearbox causes a DD machine with a large number of poles 
to control the generator speed over a wide range. The conse-
quence of a larger number of poles is a generator heavier and 
larger in diameter. The advantages of this solution are lower 
manufacturing cost, lower generated noise, and less pollution. 
Regular maintenance because of risk of mechanical failure of 
the gearbox is eliminated [12−19]. The disadvantage is a higher 
start-up cost.

1.3. Electrically excited synchronous generator (EESG). 
The EESG (or wound-field SG) stator is the same as that of 
the induction machine carrying a three-phase winding. Its rotor 
may have salient or cylindrical poles [20]. The amplitude and 
frequency of the voltage on the generator side of an EESG con-
verter can be fully controlled by the converter, independently 
of the grid characteristics [3]. In comparison with a permanent 
magnet synchronous generator, an EESG does not require per-
manent magnets (PMs), which causes a cost reduction. DFIGs 
are made of low-cost steel parts, which keep the installation 
costs low, but require the low-cost parts to be switched out 
often to maintain reliability. The necessity of exciting its rotor 
winding by a DC current source using brushes and slip rings or 
a rotating rectifier without using brushes is the main drawback. 
Other drawbacks include the use of expensive power electronic 
components and the requirement of intensive cooling.

1.4. Permanent magnet synchronous generator (PMSG). The 
rotor in a permanent magnet synchronous generator is equipped 
with permanent magnets. Thus, the excitation is provided by 
PMs instead of the field winding, but the stator winding is the 
same as that of a three-phase EESG [18]. The advantages over 
EESGs are: smaller rotor diameters, higher reliability due to 
elimination of different mechanical components, better thermal 
characteristics, and lower mass per kilowatt of output power 
[21−24]. The disadvantage is that PMSGs need more robust 
control strategies, in order to maintain transient stability and 
avoid the risk of wind turbine mechanical runaway during faulty 
conditions [21]. The PM generators are recognized as being the 
most efficient choice among the current generator designs on 
the market. They make the most economic sense due to their 
high efficiency, as well as due to their low maintenance and part 
replacement costs over the lifetime of a wind turbine. This is 
despite the fact that they require a higher initial material cost as 
compared to DFIGs, which is the reason for PMs not being the 
dominant generator topology. PM generators mostly use mag-
nets that are more expensive than the steel parts of DFIGs, but 
have a higher reliability because of having fewer moving parts. 
Unconventional, e.g. multiphase PMSGs, are considered [35]. 
Moreover, the new 42 V system proposed for future cars will 
also be powered by means of permanent magnet alternators [36].

1.5. High-temperature superconducting synchronous gener-
ator (HTS-SG). High- temperature superconducting synchro-
nous generator (HTS-SG) machines consist of a combination 
of bulk HTS material and wires [25−29]. HTS windings can 
operate at a very high temperature and can be cooled with low 
cost and reliable off-the-shelf refrigerators [26, 27]. Thus, HTS 
wires provide higher current densities (up to 200 A/mm2 com-
pared with about 5 A/mm2 in EESGs [21], reducing the space 
required for the rotor field winding [21, 24−27]. The possibility 
of placing more turns of field winding in a small volume also 
allows for an increase of the air-gap flux density, consequently 
making it possible to increase the air-gap, resulting in weight 
reduction and less stress. HTS generators, in comparison with 
PMSGs and EESGs, are more efficient, lighter, and more com-
pact, while being more affordable and robust in design [20−22, 
24−31, 37].

Taking into account the pros and cons of the aforemen-
tioned power systems for RES in the paper, the novelty con-
cept of PMSG, coupled with a specific power electronics con-
verter is considered. The system has most of the advantages 
of the existing solutions of power systems for RES, whereas 
its complexity is lower. So, it is expected that it will be both 
cost-competitive and more reliable, compared to other known 
power systems.

The following part of the paper is divided into four sections. 
The first one deals with the structure of the power system based 
on the proposed generator and rules of its operation. The second 
part presents the research of simulation models for both the 
proposed power system and the so-called “standard model” of 
the system. The third part presents the first stage of the exper-
imental studies. In the last part, the conclusions are presented.

2. Power system background

The basis of the system is the uniquely designed PMSG coupled 
to a wind turbine, which would allow, together with a dedicated 
power electronics converter, to return the produced energy to 
the grid or to be use it locally, depending on the current need.

The main objective of the system is to provide a high effi-
ciency (effectiveness) of the conversion of mechanical energy 
into electricity by the simple means of an electrical system. 
This effect gives the generator with uniquely designed stator 
windings and a special power electronics converter an ability 
to enforce a sinusoidal magnetomotive force (mmf). A conse-
quence of this is that the resultant magnetic flux is close to 
the sine wave. This allows to limit the power loss in “iron”, 
which, in addition to the loss in “copper”, is one of the major 
power losses in the machine. In this case, the power electronics 
converter connecting the generator to the load has a simplified 
design, which mostly uses the uncontrolled rectifiers, providing 
the high energy conversion efficiency. This solution is mainly 
dedicated to medium- and large-capacity systems, where the 
advantages are particularly visible. The block diagram of the 
basic part of the system is shown in Fig. 1. However, the power 
electronics section connecting the base part of the system with 
the power grid is not of concern to this paper.
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The electrical energy source is a PMSG (G) with uncon-
ventional construction of the stator windings. There is a pair of 
three-phase windings in the stator, one of them is connected in 
the star, while the other is connected in the delta configuration. 
This solution is necessary to obtain the desired effect of the ma-
chine operation, as mentioned earlier. Voltages at the terminals 
of the machine (windings) should have the same value. Both 
windings are burdened by independent 6-pulse diode rectifiers 
(RCT1, RCT2). The power electronics converter, called the 
“current modulator” (CM), is located at the outputs of both 
rectifiers, shaping their output currents (iRCT1, iRCT2). The CM 
generates the output current (iCM), whose characteristic is de-
fined later. This current flows through the primary winding of 
the pulse transformer (PT) with a divided secondary winding. 
The secondary winding of the PT interconnects the outputs of 
both rectifiers, which means that changing the shape of the 
rectifiers’ output currents is possible by applying the CM output 
current flowing through the PT.

The relationship between the rectifier’s output currents, the 
modulator’s current, and the system’s output (iOUT) is as fol-
lows [32]:

 (iRCT2 ¡ iRCT1)n2 = iCM n1, (1)

 iRCT1 = 12(iOUT ¡ NiCM), (2)

 iRCT2 = 12(iOUT + NiCM), (3)

where: n1, n2 are the PT winding turns, and N = n1
n2

. 

The primary objective of the current modulator with a pulse 
transformer is to ensure the proper shape of the phase currents 

of the generator (G), so that the resultant mmf associated with 
a given pair of windings (star-delta) is a sine wave, which en-
ables to minimize power losses in its magnetic circuit. This 
phenomenon has been called “the modulation of the magnetic 
flux”, which refers directly to the principles of the CM oper-
ation. In order to ensure the sine shape of the mmf, the CM 
output current must comply with the following equation [32]:

iCM(t) = 
6
π IOUTcos(ωGt)

¡cos(6kωGt) + cos(6kωGt + π
6)

  1
N

 

iCM(t) ¡ 
IOUT [cos(6kωGt) + cos(6kωGt + π

6)]
¡cos(6kωGt) + cos(6kωGt + π

6)
  1
N

, (4)

iCM(t):k = 0, 1, 2, … 

where ωG is the frequency of the generators’ output voltage. 
It is also possible to use the simplified and more comfortable 
form of (4):

 

iCM(t) = 4
π

 IOUTsin(6ωGt)  1
N

 +  

iCM(t) ¡4
π

 IOUT  [ sin(3 6ωGt)
32

 + sin(5 6ωGt)
52

 ¡ …] 1N .
 (5)

The CM current given by (5) has a triangular shape, of 
which the fundamental frequency is 6 times higher than the 
current value of ωG. Using (5) instead of (4) results in only 
a small increase in the deformation of the PMSG mmf, with 
respect to the desired sinusoidal shape.

Fig. 1. Block scheme of the power conversion system
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Taking into account (5), the expected shape of the phase 
currents of the generator (i.e. iA1 etc. and iA2 etc.) will look as 
shown in Fig. 2. From the point of view of performance and 
complexity of the systems’ construction, one of its very im-
portant features is that the power of both the current modulator 
and the pulse transformer is very low in relation to the total 
power output of the system.

As a result, the mmf associated with each pair of stator wind-
ings is quasi-sinusoidal (Fig. 3).

It is an important assumption for the expected operation 
of the current shaping circuit (i.e. CM) that the system’s total 

output current (iOUT) over time is constant. Hence, it is neces-
sary to automatically (based on the dedicated control algorithm) 
adjust its value, by means of parameter IOUT of (4) and (5). The 
value of this parameter should be associated with the changes 
of the output power of the generator caused by e.g. a change in 
the speed of the wind. This requirement imposes the design of 
voltage and current transducers being located at the output of 
the real energy’s conversion system.

3. Simulation studies

The main aim of the study was to compare the efficiency of 
the energy conversion system based on the proposed generator 
(MNS – model of the novelty system) in relation to the stan-
dard energy conversion system (MSS – model of the standard 
system). The MSS was a conventional 3-phase PMSG with 
a full-rating power converter. This power converter was an ac-
tive (IGBT-based) rectifier providing sinusoidal waveforms of 
the generator phase currents. This type of standard model was 
selected due to both its similarity to the proposed PMSG and its 
huge popularity in power systems based on renewable energy 
[33]. The rated output power of both models was very similar 
and equal to approximately 5.4 kW.

3.1. Model of the generator. In order to assess the performance 
of the proposed PMSG with star-delta winding, a comparative 
analysis using the finite element method (FEM) has been per-
formed. The torque constant and core losses have been compared 
with a conventionally-designed (standard) PMSG supplied by 
a balanced sinusoidal 3-phase system of winding currents. Two 
FEM models of PMSGs have been developed in the Ansys 
Maxwell environment. The geometry of the magnetic circuits 
of both models is the same (permanent magnet size, air-gap 
length, teeth/slot dimensions). The only difference between the 
models is in the winding design. The machine discussed in the 
paper consists of two independent windings arranged in star and 
delta configurations. The particular coils are placed in the same 
slots, while number of turns in star- and delta-arranged coils 
are set to produce the same values of line-to-line electromotive 
force. A low-speed test machine of 44 poles and 48 slots with 
a 3-phase double-layer fractional-slot concentrated winding 
has been considered as the problem of the case study. The test 
machines have been modeled assuming a planar symmetry of 
the magnetic field distribution along the axial direction. The 
impact of the end effects on the performance of the machines 
has been neglected. For comparison purposes, simulation pa-
rameters, including mesh density, time step size and tolerance 
of the Newton-Raphson procedure, have been kept the same 
when testing the models. The major dimensions and design pa-
rameters of the test machine have been summarized in Table 1. 
A view of the cross-section of the magnetic circuit of the test 
machine is shown in Fig. 4.

The number of turns of the windings arranged in star and in 
delta configurations have been selected to give approximately 
the same values of the open-circuit electromotive force (emf). 
The calculated back emf waveforms of line-to-line (Eab) for 

Fig. 3. Resultant mmf associated with a pair of windings – the first 
one is connected in the star, and the second in the delta configuration

Fig. 2. Theoretical shape of the phase current of the generator (single 
phase) for a group of connections: a) star, b) delta

(a)

(b)
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the star winding and phase (Ea) for delta winding are shown 
in Fig. 5a, while the line-to-line waveforms of a model with a 
standard design are shown in Fig. 5b.

The proposed supply system has been implemented in the 
Ansys MaxCir environment. A schematic of the supply system 
is shown in Fig. 3. The supply systems of the star and delta 
windings have been connected by balancing resistance Rb equal 
to 1 MΩ. Piecewise linear current sources have been used to 

represent the current waveforms of the discussed power elec-
tronic system.

The calculated waveforms of the phase currents in the delta 
and star windings are shown in Figs. 7a and 7b, respectively.

Due to a different number of turns in coils of star and delta 
windings, the slot equivalent current ieq has been calculated. 
The value of the equivalent current has been referenced to the 
total mmf in the slot generated by particular phase windings 
according to following equation:

 ieq = 
Nstaristar + Ndeltaidelta

Nstar + Ndelta
, (6)

Fig. 4. a) structure of the magnetic circuit of the test machine; b) 
fragment of the applied finite element mesh

a)

b)

Table 1 
Summary of test generator main pararameters

Parameter Unit value

Number of slots [–] 48

Number of poles [–] 44

Rated speed [rpm] 240

Rated torque [Nm] 180

Rated frequency [Hz] 88

Rated current [A] 6.7

Stack length [mm] 50

Stator outer diameter [mm] 292

Air-gap [mm] 1.5

Number of turns (star/delta) [–] 54/93

Fig. 5. Back emf waveforms a) phase Ea delta winding and line-to-line 
Eab star winding; b) waveforms of Eab, Ebc, and Eca in a standard machine

a)

b)

Fig. 6. Electrical scheme of the supply system model
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It is important to notice that the delta winding forms 
a closed-loop circuit, and thus, if induced in the phase coils 
the electromotive forces will contain the common phase har-
monics of the electromotive force, the phase current will contain 
a circulating component. In general, it can be stated that the 
circulating current will depend on the design of the machine 
(proper shaping of the magnetic field induced by the permanent 
magnets) and on the armature reaction field. In other words, 
to minimize the value of the circulating current, the magnetic 
circuit of the machine should be designed properly. Neverthe-
less, due to the armature reaction field, the phase currents in 
the delta arranged winding (and also equivalent currents ieq) 
will depend on the torque angle of the machine, understood 
as the electrical angle between the rotor and stator field axes. 
The calculated waveform of equivalent current ieq for a = amax 
(i.e. the iteratively calculated value of a, for which the highest 
value of electromagnetic torque is obtained for a given value 
of the supply current) has been shown in Fig. 8a. To analyze 
the distortion of the obtained equivalent current waveform, the 
fast Fourier transform (FFT) has been applied. The harmonic 
content from the equivalent current waveform has been given 
in Fig. 8b.

In the next step, the electromagnetic torque waveforms, 
torque vs. current, and core losses vs. current characteristics 

have been compared between the star-delta machine and the 
machine with a classic design. A comparison of the obtained 
torque waveforms for ieq = 7 A and a = amax is shown in Fig. 9.

Comparing the waveforms, it can be noted that the differ-
ences are not significant and no drop-off in performance of 

Fig. 9. Electromagnetic torque waveforms at the rated current of the 
machine with a standard design and of a generator with star-delta 

winding

Fig. 8. a) waveform of equivalent current (ieq) and b) its harmonic contentFig. 7. Phase current waveforms a) delta; b) star winding

a) a)

b) b)
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the machine with star-delta winding can be observed. Focusing 
on the torque ripple factor, it can be stated that the proposed 
winding design and supply strategy have a marginal impact on 
the torque ripples (the torque ripple factor equals to 1.74% for 
the classic standard design and 2.13% for the proposed machine 
with star-delta windings).

In order to compare the torque constants and core losses 
at the full range of supply currents, the characteristics of the 
average electromagnetic torque and core losses vs. current have 
been determined. For each point of characteristics shown in 
Fig. 10, the amax has been determined iteratively.

Summarizing the obtained results of the performed finite 
element analysis, it can be concluded that, when comparing 
a machine with star-delta winding to a machine with a standard 
designed magnetic circuit, practically no drop off in perfor-
mance can be observed. Both machines present the same torque 
vs. current characteristics while the calculated core losses are 
on the same level. Looking at the machine design aspect, the 
increased number of coils in slots in the case of the generator 
with the star-delta winding will result in a lowered value of the 
slot fill factor (due to the need of additional insulation between 
the coils) and a doubled number of terminals/connections be-
tween the coils. In general, it will lead to the increase of the cost 
of the machine. Preliminary studies on material consumption 
and technological processes, consulted with the producer of 
electric machines, shows that the increase of cost in relation 
to the standard design will not be significant (it depends on 
the power of the machine, however it should not exceed 15%).

3.2. Model of the power electronics section of the system. 
For the evaluation of the loss in the power electronics sec-
tion of the proposed system, a simulation model of this sec-
tion was built in the OrCAD/PSPICE environement. Models 
of IGBT IPMs were based on components manufactured by 
MITSUBISHI ELECTRIC. For the calculation of power loss 
in these modules, this company supplies software developed by 
themselves, namely the Melcosim environment [38]. The latest 

(i.e. 5.3.0) version of this tool was also used in the simulation 
model studies.

The model of the proposed system consists of the following 
blocks:

● Replacement model of the generator. This block consisted 
of a three-winding transformer with a secondary side 
winding connected in star and delta configurations. The 
primary side was connected to a 3-phase power source 
with an output voltage that varied in the range of 80−400 
V (i.e. 20−100% of the rated system’s output voltage). 
The output frequency varied in the range of 10−50 Hz.

● Model of the rectifier. This model was based on the 
3-phase bridge rectifier module 26MT120 (25 A/1200 V) 
from VISHAY [39].

● Model of the current modulator. The CM is the system 
operating in a closed feedback loop, and thus, its stability 
can be an issue. Nevertheless, neither this aspect of the 
CM operation nor the details of its arrangement are the 
subject for consideration of the present work. The main 
elements being used in this model were: the IGBT-based 
H-bridge, coil, and pulse transformer. The coil forms 
the passive filter of the PWM carrier components in the 
modulator current. The model of the semiconductor de-
vice was based on the IPM/IGBT type PM25CL1A120 
(25 A/1200 V) [40]. The models of the pulse transformer 
and coil were based on real devices used in power elec-
tronics laboratory experiments [34].

● The L-block was the resistor. The value of its resistance 
varied, so as to maintain the output current at a constant 
and equal value to that of the nominal value.

Other basic characteristics and parameters of the MNS 
were as follows: rated frequency of the generator output 
voltage fG, n = 50 Hz, UOUT, n = 535 V, IOUT = IOUT, n = 10 A, 
the reference signal for CM (iCM, n) was given by (5), N = 1, 
LCM = 350−450 μH (the inductance of the coil depends on 
the value of the coil current), and PWM carrier frequency 
fc = 10 kHz.

a) b)

Fig. 10. a) average electromagnetic torque and b) core losses as a function of the equivalent current for machines with a standard design and 
a generator with star-delta winding
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The selected waveforms in the simulation model for the 
rated system’s output power are shown in Fig. 11.

The shapes of the modulator current and the reference signal 
almost coincide, however in transient states, these signals differ 
slightly from each other. This occurrence is shown in the frame 
in Fig. 11, which also contains the magnified portion of the 

Calculated by means of a simulation model curve, a control 
error vs. system output power graph is shown in Fig. 13.

In the analyzed range of output power change, this error 
does not exceed 7%. It is obvious that the value of the control 
error affects the value of power loss in the generator, therefore 
it should be minimized.

In the case of the MSS, the generator was replaced by 
a 3-phase transformer connected in the star configuration. The 
active rectifier in the MSS also used the PM25CL1A120 type 
IPM. The generator phase currents were synchronized with suit-
able phase voltages, and thus, PF ¡¡» 1 (0.99) was obtained. The 
rated voltage in the DC circuit was equal to 600 V and the rated 
output current was 9 A. Other MSS parameters and simulation 
conditions were the same as in the case of the MNS. In Fig. 14, the 
curves of the simulation model efficiency (ηE) for both the MNS 
and the MSS vs. the relative system output power are shown.

The value of efficiency of the proposed system is clearly 
higher than that of a standard model  – by 1.1−2.9%, depending 
on the output power. In the case of the MNS, the efficiency 
simply grows with a decrease in output power. This is an im-
portant advantage of the proposed system, because it is very 
rare for the RES to operate in nominal conditions.
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4. Laboratory tests

The aim of the test was the validation of theoretical assump-
tions and research results of the rectifier simulation model 
– mainly in relation to the quality of the modulator current. The 
control module in the laboratory model was the ALS-G3‒1369 
[41] DSP evaluation board with Analog Devices ADSP-21369 
SHARC® DSP. In the execution block the P3‒5‒550MFE 
LABINVERTER [41] was utilized. Both development sys-
tems are dedicated for industrial measurements and power 
electronics applications. Laboratory tests of the model have 
been carried out for the current modulator magnitude being 
in the range of 20−100% of the nominal one. The criterion of 
the modulator current quality was also the control error (εCM) 
defined as:
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where: ierr(t) = iCM, ref(t) ¡ iCM(t).

Registered values of the control error were in the range of 
4.5−11.0% (higher values apply to a smaller modulator current). 
The selected waveforms in the laboratory model are shown in 
Fig. 15.

Fig. 15. Waveforms in the laboratory model of the current modulator: 
reference current (blue line), modulator current (red line), and error 
signal (green line). The magnitude of the reference signal is equal to 

60% of the rated one and frequency is equal to 300 Hz

Relatively high (comparing to the simulation model – Fig. 13)  
control error values are caused mainly by errors (e.g. offsets, 
non-linearity) of real current transducers implemented in the 
development system, for which the rated total accuracy is equal 
to 0.7%.

5. Conclusions

The results of research of the simulation models, as well as the 
preliminary laboratory tests, confirm the theoretical assump-
tions adopted in the course of the study on the energy con-
version system based on the proposed generator. The power 
loss in the “iron” of the generator with modulated magnetic 
flux is comparable to the power loss in a standard design of 
a 3-phase PMSG. Dynamic power loss, associated with hard 
switching power electronics devices (typically IGBT), is neg-
ligible, whereas the system’s static power loss decreases with 
a decrease of the system’s output power. Therefore, compared 
to the popular power conversion system that uses a PMSG in 
cooperation with a full-power active rectifier, it is showed that 
the characteristics of the proposed solution allow for an overall 
increase in its resultant efficiency (effectiveness). Given the 
solutions in relation to other systems for RES, the following 
of its features are also expected: an increase in the reliability 
of the operation, a reduction of the maintenance costs, and the 
ability to more easily meet the EMC requirements. The studies 
have also indicated that the cost of making the system should be 
lower when compared to most other solutions for RES. More-
over, it is theoretically possible to further minimize the core 
losses of the generator by modifying (4) to such a form that 
allows achieving the sinusoidal shape of the magnetic flux in-
stead of the mmf. Improvement of the presented solutions will 
be the scope of further work.

It should be noted that the proposed system is also suitable 
for co-operation with water turbines, as well as other turbines 
(not necessarily related to RES), without practically any signif-
icant changes to its basic power section.
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