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Abstract: The permanent magnet synchronous generator (PMSG) is widely used in high voltage
DC transmission technology of wind power systems due to its high-power density, high reliability
and simple maintenance. To meet the increasing rated power of the generator (≥10 MW), the
multi-converter parallel connection is usually used, which significantly increases the complexity and
cost of the system. Therefore, a new modular N* three-phase PMSG is proposed in this paper. Based
on the structure and working principle of the generator, the finite element model is established, and
the electromagnetic properties are obtained by finite element analysis. Aiming at the unique winding
structure and characteristics of modular N* three-phase PMSG, a generator side current converter
harmonic control algorithm, combining a resonant controller with the proportional-integral regulator,
is proposed. The suppression of stator current harmonics at different speeds could be achieved by
the proposed algorithm, and the efficiency of the wind power generation system can be improved.
Finally, the feasibility of the novel generator and the effectiveness of the proposed algorithm are
verified by simulation and experiment.

Keywords: wind power generation; permanent magnet synchronous generator (PMSG); finite
element analysis; resonant controller; proportional integration

1. Introduction

Due to the advantages of abundant wind energy resources, long hours of power generation
and proximity to the power load center, offshore wind power generation has gradually become a
research hotspot in wind power. Direct-drive permanent magnet synchronous generators (PMSG) are
directly connected to the grid through a full-power converter, which has the advantages of high-power
generation efficiency, reliable operation and strong fault-tolerant operation capability [1–4]. Therefore,
they are gradually replacing the doubly-fed wind turbine as the primary type of offshore wind power
generation [5,6]. Under the general trend of large-scale development of offshore wind power generation,
the rated power of PMSG is increasing (≥10 MW), but the output voltage of PMSG remains unchanged
at 690 V. To meet the increasing demand for power and current, the multi-converter parallel connection
is usually used [7–9]. This not only increases the complexity and cost of the system, but also reduces the
power density of the wind turbine. Concurrently, the circulation problem among parallel converters is
more prominent.

Multiphase PMSG can effectively reduce the stator winding current due to its multiple sets
of three-phase stator windings. Simultaneously, it can avoid the problem of voltage-sharing and
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circular current caused by the traditional parallel converter [10–12]. Compared with the traditional
three-phase PMSG, the multi-phase PMSG has more advantages in the field of offshore wind power,
such as high-power density, robust reliability and small torque fluctuation. Therefore, it has attracted
the attention of scholars and achieved many original results in recent years. A series-connected
multi-half-bridge modules converter for integrating multi-phase PMSG with HVDC has been
highlighted in [12]. Each phase of an open winding multi-phase generator is connected to the
AC side of a half-bridge module, whereas the DC sides of the half-bridge modules are connected in
series to form the high-voltage DC-link output. The proposed architecture facilitates the employment of
semiconductor switches with a relatively low-voltage rating, which equals the DC-link voltage divided
by the number of generator phases. However, the process has a problem of relatively low fault tolerance
capability, as a failure in any phase yields a complete system shutdown. A multi-phase PMSG used for
an offshore wind power generation system is presented in reference [13], which has the advantages
of transformer-less operation, low cost, low voltage stress of stator. The generator of wind power
systems is uncontrollable, however, and could cause a high level of torque ripple. References [14,15]
present a DC power conversion scheme for multi-winding generators, in which multiple windings
of generators are connected in series in the DC side through multiple AC/DC converters to achieve
the purpose of increasing the terminal voltage. However, there is a strong coupling between multiple
sets of three-phase stator windings, which is challenging to realize decoupling control. A coaxial
multi-generator wind turbine is proposed in reference [16]. The same phases of the output voltage
of multiple generators are connected with a multi-winding transformer and the different phases are
connected in series after rectification by a rectifier bridge. The control system of this scheme is very
complex, and the torque control of the generator is difficult to realize.

Regarding the case of multiphase PMSG control, the implementation of multiphase PMSG control
is usually based on a multiple direct-quadrature axis (d-q) and vector space decomposition (VSD)
modeling approach. The advantage of a multiple d-q modelling approach is the information on
the individual d-q current is directly available so current references for arbitrary power-sharing
are formulated easily. However, the multiple d-q approach leads to heavy cross-coupling between
individual winding sets, which requires compensation in the control system [17–19]. The VSD
modeling method of multiphase PMSG could avoid the problem of flux linkage coupling between
multiple windings and dramatically reduces the difficulty of system control [20,21]. However, with the
further increase of the number of phases (≥7), the multi-phase PMSG mathematical model obtained
by VSD is very complex, which greatly increases the difficulty of analysis and the design of the
controller. To overcome the shortcomings mentioned above, a new modular permanent magnet
synchronous motor (PMSM) is proposed in references [22–24]. The machine is mainly composed
of multiple three-phase PMSM units with the same electromagnetic characteristics. Each unit has
excellent electrical and magnetic isolation characteristics, and the cross-coupling between each motor
unit is minimal. However, to modularize manufacturing and further weaken the coupling between the
three-phase PMSM units, the fractional slot concentrated winding (FSCW) is often used. Compared
with the generator adopting short pitch distributed winding, the current harmonic content of the
generator-side converter with FSCW is higher [21,22]. A large number of harmonics will increase the
copper and iron consumption of PMSG, reduce the efficiency of the power generation system and
cause generator torque ripple.

Based on the literature [22], this paper proposes a new N* three-phase PSMG with a current
harmonic suppression strategy in the HVDC transmission system, which has the advantages of modular
design, simple control strategy, high efficiency and high fault tolerance. This paper is organized as
follows. The novel topology of an N* three-phase PSMG for HVDC and its working principles are
analyzed in Section 2. The control method of the novel PSMG is developed in Section 3. The simulation
and experiment are discussed in Section 4. Section 5 concludes this paper.
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2. The System Topology and Working Principles

2.1. System Topology

The topology of the proposed wind power system is shown in Figure 1. The offshore wind power
generation system with HVDC is built around a special N* three-phase PSMG. The generator is divided
into n set segments, each of which behaves as a three-phase generator on its own. Each set of the
three-phase stator winding is connected to a voltage source converter (VSC) module. The VSC-modules
are connected in series at the DC side, in which the higher DC transmission voltage is formed, and a
large-capacity offshore DC–DC boost substation is avoided. Then, the power is gathered through a
parallel connection of several sets of N* three-phase PSMGs. The regular two-level converter topology
is utilized for demonstration purposes in this paper. However, most three-phase AC/DC-converters
also are suitable for this system. The power of the wind farm is transmitted to the shore through
two HVDC transmission cables and connected to the power grid after modular multilevel converter
(MMC) conversion.
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Figure 1. The topology of the proposed wind power generation system with N* three-phase PSMG 
based on HVDC. 
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Figure 1. The topology of the proposed wind power generation system with N* three-phase PSMG
based on HVDC.

2.2. Analysis of Electromagnetic Characteristics of N* Three-Phase PMSG

The N* three-phase PMSG designed in this paper is composed of n sets of sector PMSG units
sharing the same permanent magnet PM rotor and fixed on the generator base through a dovetail,
as shown in Figure 2. The stator winding distribution of each sector PMSG unit is analogous to that of
the traditional three-phase PMSG, and each unit has better electrical, magnetic and thermal isolation
characteristics. Even if one of the PMSG units fails, it will not have a high impact on the operation of
the other PMSG units. Each unit is a mutual hot backup so the whole power generation system has an
excellent fault-tolerant performance.
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Figure 3 shows the winding vector and winding distribution of 3* three-phase and asymmetric
9 phase PMSG. The asymmetric 9-phase PMSG consists of n sets of three-phase symmetrical windings
(n = 3) with a π/3n electrical degrees shift in space, respectively. The electrical isolation of each set of
three-phase winding can be achieved by n independent neutral points, but the magnetic isolation of
each set of three-phase winding cannot be achieved, as shown in Figure 3b. Furthermore, the mutual
inductance between adjacent phase windings (A1, A2, A3) are large and cannot be ignored. The heavy
cross-coupling between adjacent windings increases the difficulty of the control system, particularly
when a winding fails. The N* three-phase generator designed in this paper consists of n sets of
symmetrical three-phase windings with star-connected, which are overlapping in space, as shown in
Figure 3a. The electrical, magnetic, and thermal isolation between the three-phase winding units could
be realized essentially, which dramatically reduces the control difficulty of the N* three-phase PMSG.
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Figure 4 shows the no-load back EMF of the 3* three-phase and asymmetric 9-phase PMSG.
The phase shift between each winding can be clearly seen from the FEA results. The asymmetric
9-phase PMSG is distributed in triple three-phase sets with a 20 electrical degrees shift. However,
in the 3* three-phase PMSG, both A2–B2–C2 and A3–B3–C3 represent three-phase windings in phase
with A1–B1–C1. All three windings are distributed along 120 mechanical degrees along the stator
circumference, which is completely consistent with the analysis in Figure 3. Compared with the
asymmetric 9-phase PMSG, the coil length from phase A1 to A1’ of the 3*three-phase PMSG is the
shortest and the copper loss is lower for this configuration. However, to further reduce the mutual
inductance among the three-phase windings, the fractional slot concentrated winding is often used,
as shown in Figure 3. The frequency spectrum analysis shows that the third harmonic is about 5.13%,
the fifth harmonic is about 8.69%, and the seventh harmonic is about 6.72%, which means the content
of low order harmonics is higher.

Figure 5 shows the torque curves of the 3* three-phase PMSG and asymmetric 9-phase PMSG.
One or two of the generator units are in-service with the same current excitation and the rest are
out-of-service. Thus, the torque for each individual unit can be obtained. It can be seen from the
Figure 5a that the three-phase generator units 1, 2 or 3 of the 3* three-phase PMSG has the same
electromagnetic torque. The electromagnetic torques of generator units 1 and 2 are equal to that
of the generator units 1 and 3, which is twice the electromagnetic torque of generator unit 1. The
electromagnetic torque of generator units 1–3 (i.e., 3* three-phase generator) is three times that of
generator unit 1. It can be concluded that the torque of each generator unit is the same and the total
electromagnetic torque of the N* three-phase PMSG is the sum of each generator unit, which means
the electromagnetic torque of the generator unit of the N* three-phase PMSG has good independence
and superposition characteristics. Figure 5b shows the torque ripple of the asymmetric 9-phase PMSG
and 3* three-phase PMSG. It can be seen from the Figure 5b that the torque ripple of the asymmetric
9-phase PMSG is much smaller than that of the 3* three-phase PMSG. The 3* three-phase PMSG is
essentially a three-phase generator with FSCW. The winding magnetomotive force contains ample
low-order harmonics, such as 5, 7, 11 and 13, which are higher than the of asymmetric 9-phase PMSG.
The higher harmonic content of the magnetomotive force increases the torque ripple and reduces the
average torque at the same time.

Energies 2018, 10, x FOR PEER REVIEW  5 of 15 

 

of-service. Thus, the torque for each individual unit can be obtained. It can be seen from the Figure 5a that 
the three-phase generator units 1, 2 or 3 of the 3* three-phase PMSG has the same electromagnetic 
torque. The electromagnetic torques of generator units 1 and 2 are equal to that of the generator units 
1 and 3, which is twice the electromagnetic torque of generator unit 1. The electromagnetic torque of 
generator units 1–3 (i.e., 3* three-phase generator) is three times that of generator unit 1. It can be 
concluded that the torque of each generator unit is the same and the total electromagnetic torque of the 
N* three-phase PMSG is the sum of each generator unit, which means the electromagnetic torque of the 
generator unit of the N* three-phase PMSG has good independence and superposition characteristics. 
Figure 5b shows the torque ripple of the asymmetric 9-phase PMSG and 3* three-phase PMSG. It can 
be seen from the Figure 5b that the torque ripple of the asymmetric 9-phase PMSG is much smaller 
than that of the 3* three-phase PMSG. The 3* three-phase PMSG is essentially a three-phase generator 
with FSCW. The winding magnetomotive force contains ample low-order harmonics, such as 5, 7, 11 
and 13, which are higher than the of asymmetric 9-phase PMSG. The higher harmonic content of the 
magnetomotive force increases the torque ripple and reduces the average torque at the same time. 

  

(a) back EMF of 3* three-phase PMSG (b) back EMF of 9-phase asymmetrical PMSG 

Figure 4. No-load back EMF of 3 *three-phase and asymmetric 9-phase PMSG. 

 

 

(a) electromagnetic torque (b) electromagnetic torque fluctuation 

Figure 5. Torque curves of the generators. 

Figure 6 shows the flux distribution of a 3* three-phase PMSG when phase B1 is fed with rated 
current, while B2 and B3 are in an open circuit condition. It can be seen from the Figure that there is 
a weak magnetic coupling between B1, B2 and B3. The mutual-inductance between B1, B2 and B3 is 
thereby much lower than the self-inductance of B1. The FEA result shows the self-inductance of B1 is 
0.233 mH and the mutual-inductance between B1, B2 and B3 is 0.0245 mH, only 10.5% of self-inductance. 
Thus, the cross-coupling effect between the generator units can be ignored. During the manufacturing 

Figure 4. No-load back EMF of 3 *three-phase and asymmetric 9-phase PMSG.



Energies 2020, 13, 178 6 of 15

Energies 2018, 10, x FOR PEER REVIEW  5 of 15 

 

of-service. Thus, the torque for each individual unit can be obtained. It can be seen from the Figure 5a that 
the three-phase generator units 1, 2 or 3 of the 3* three-phase PMSG has the same electromagnetic 
torque. The electromagnetic torques of generator units 1 and 2 are equal to that of the generator units 
1 and 3, which is twice the electromagnetic torque of generator unit 1. The electromagnetic torque of 
generator units 1–3 (i.e., 3* three-phase generator) is three times that of generator unit 1. It can be 
concluded that the torque of each generator unit is the same and the total electromagnetic torque of the 
N* three-phase PMSG is the sum of each generator unit, which means the electromagnetic torque of the 
generator unit of the N* three-phase PMSG has good independence and superposition characteristics. 
Figure 5b shows the torque ripple of the asymmetric 9-phase PMSG and 3* three-phase PMSG. It can 
be seen from the Figure 5b that the torque ripple of the asymmetric 9-phase PMSG is much smaller 
than that of the 3* three-phase PMSG. The 3* three-phase PMSG is essentially a three-phase generator 
with FSCW. The winding magnetomotive force contains ample low-order harmonics, such as 5, 7, 11 
and 13, which are higher than the of asymmetric 9-phase PMSG. The higher harmonic content of the 
magnetomotive force increases the torque ripple and reduces the average torque at the same time. 

  

(a) back EMF of 3* three-phase PMSG (b) back EMF of 9-phase asymmetrical PMSG 

Figure 4. No-load back EMF of 3 *three-phase and asymmetric 9-phase PMSG. 

 

 

(a) electromagnetic torque (b) electromagnetic torque fluctuation 

Figure 5. Torque curves of the generators. 

Figure 6 shows the flux distribution of a 3* three-phase PMSG when phase B1 is fed with rated 
current, while B2 and B3 are in an open circuit condition. It can be seen from the Figure that there is 
a weak magnetic coupling between B1, B2 and B3. The mutual-inductance between B1, B2 and B3 is 
thereby much lower than the self-inductance of B1. The FEA result shows the self-inductance of B1 is 
0.233 mH and the mutual-inductance between B1, B2 and B3 is 0.0245 mH, only 10.5% of self-inductance. 
Thus, the cross-coupling effect between the generator units can be ignored. During the manufacturing 

Figure 5. Torque curves of the generators.

Figure 6 shows the flux distribution of a 3* three-phase PMSG when phase B1 is fed with rated
current, while B2 and B3 are in an open circuit condition. It can be seen from the figure that there
is a weak magnetic coupling between B1, B2 and B3. The mutual-inductance between B1, B2 and
B3 is thereby much lower than the self-inductance of B1. The FEA result shows the self-inductance
of B1 is 0.233 mH and the mutual-inductance between B1, B2 and B3 is 0.0245 mH, only 10.5% of
self-inductance. Thus, the cross-coupling effect between the generator units can be ignored. During
the manufacturing process of an N* three-phase PMSG, a magnetic isolation layer can be added to
weaken the coupling between the generator units further. The windings of the generator units can be
controlled independently and only coupled in the electromagnetic torque in the rotor. This is the basis
of the control method proposed in this paper.
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Figure 7 shows the 3* three-phase PMSG magnetic density cloud diagram and its magnetic line
distribution. It can be seen from the Diagram that the stator tooth is the part with the most significant
magnetic density under a no-load condition. The magnetic line distribution in each three-phase
generator unit is relatively uniform and the magnetic line coupling between the generator units is very
small, which means the design method of the 3* three-phase PMSG is reasonable.
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3. Mathematical Model of N* Three-Phase PMSG

Considering the analysis of the electromagnetic characteristics of the N* three-phase PMSG, it can
be seen that the N* three-phase PMSG consists of n sets of three-phase PMSG units and the interaction
between each unit is minimal, which could be neglected. According to reference [20], the mathematical
model of the N*three-phase PMSG in the d-q coordinate system could be equivalent to that of a
traditional three-phase PMSG. Thus, the d-q axes voltage transformation of one three-phase winding
can be written as: [

udi
uqi

]
=

2
3

[
cosθ cos(θ− 2π

3 ) cos(θ+ 2π
3 )

sinθ sin(θ− 2π
3 ) sin(θ+ 2π

3 )

]
uai
ubi
uci

 (1)

where the d-axis is oriented at an angle of θ ahead of the a-axis, and each three-phase PMSG unit
shares the same rotor position angle. uai, ubi, uci and udi, uqi represent the stator voltage and d-q axis
voltage of the ith three-phase PMSG unit, respectively. The state equation of the N* three-phase PMSG
in a d-q coordinate system can be expressed as:

.
x = Aixi + Biui + Di (2)

where xi and ui are the state variables and system output of the ith three-phase PMSG unit, respectively,
which can be defined as follows:

xi =

[
idi
iqi

]
, ui =

[
udi
uqi

]
(3)

and the coefficient matrix is defined as follows:

Ai =

 −
Ri
Ldi

ω
Lqi
Ldi

−ωLdi
Lqi

−
Ri
Lqi

, Bi =


1

Ldi
0

0 1
Lqi

, Di =

 0
−
ωψri
Lqi

 (4)

where ω is angular velocity, idi, iqi, Ldi, Lqi, Ri, ψri are stator current, inductance, resistance, and PM flux
of the ith three-phase PMSG unit in the d-q coordinate system. The N* three-phase phase PMSG is
composed of n sets of three-phase PMSG units with identical output characteristics. It can be seen that
the PM flux, stator resistance, inductance, output voltage and torque of each unit are equal.

The total electromagnetic torque of an N* three-phase PMSG can be obtained by the sum of the
torque that is generated by each three-phase PMSG unit. Te can be formulated by:

Te =
3p
2

N∑
i=1

(ψriiqi + (Ldi − Lqi)idiiqi) (5)

where Te is the electromagnetic torque of the N* three-phase PMSG and p is the pole-pair of the
three-phase PMSG unit.
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The equation of motion of the N* three-phase PMSG can be written as:

TL − Te =
J
p

dω
dt

(6)

4. Harmonic Current Control Strategy of Side Converter of N* Three-Phase PMSG

An N* three-phase PMSG consists of n sets of three-phase PMSG units and the electromagnetic
characteristics of each unit are identical. Therefore, one three-phase PMSG unit is controlled and the
other PMSG units adopt the same control method, which means one set of the control strategy is used
to realize the control of n sets of inverters. Compared with the multi-phase PMSG control strategy
based on VSD, the control method proposed in this paper is simple and easy to implement. Even if
a three-phase PMSG unit fails, other units could still operate normally. Figure 8 shows a schematic
diagram of the connection between the N* three-phase PMSG and the side converter (n = 6).
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Figure 8. Connection diagram of an N* three-phase PMSG and side converter (n = 6). Figure 8. Connection diagram of an N* three-phase PMSG and side converter (n = 6).

4.1. Design of Proportional Integral-Nonideal Resonance Controller

Considering the above analysis, to reduce the coupling effect among the three-phase PMSG units,
the FSCW is mostly used in an N* three-phase PMSG. The current of the generator-side converter
contains abundant low-order harmonics, which have a great influence on generator performance
and should be suppressed. However, the vector control strategy based on rotor field orientation is
generally adopted in the generator-side control of a direct drive PMSG. Its controller usually selects the
traditional proportional integral (PI) regulator. The PI controller could effectively realize steady-state
error-free control of the DC signal in the synchronous rotating coordinate system. However, to achieve
the control of the AC signal, the AC signal needs to be converted to the DC signal and then back to the
AC signal. The process of signal conversion is very complicated. Figure 9 shows the transformation
block diagram of the AC–DC equivalent transfer function.
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The equivalent transfer function of the AC–DC signal could be expressed in the time domain
as follows:

y(t) =
{
e(t) · cos(ωt) × gdc(t)

}
· cos(ωt) +

{
e(t) · sin(ωt) × gdc(t)

}
· sin(ωt) (7)

Here, we can get: {
f1(t) = [e(t) · cos(ωt)] × gdc(t)
f2(t) = [e(t) · sin(ωt)] × gdc(t)

(8)

The Laplacian transformation of Equation (8) can be expressed as:
F1(s) = L

{
[e(t) · cos(ωt)] × gdc(t)

}
= Gdc(s) · L

{
e(t) · cos(ωt)

}
= 1

2 Gdc(s)[E(s + jω) + E(s− jω)]
F2(s) = L

{
[e(t) · sin(ωt)] × gdc(t)

}
= Gdc(s) · L

{
e(t) · sin(ωt)

}
=

j
2 Gdc(s)[E(s + jω) − E(s− jω)]

(9)

where L is the abbreviation of the Laplacian transformation, therefore:
A = L

{{
[e(t) · cos(ωt)] × gdc(t)

}
cos(ωt)

}
= L

{
f1(t) · cos(ωt)

}
= 1

2 [F1(s + jω) + F1(s− jω)]
B = L

{{
[e(t) · sin(ωt)] × gdc(t)

}
sin(ωt)

}
= L

{
f2(t) · sin(ωt)

}
=

j
2 [F2(s + jω) − F2(s− jω)]

(10)

where A and B are just two symbols, and by a Laplace transformation of Equation (7), we can get:

Y(s) = A+B = 1
2 [F1(s + jω) + F1(s− jω)] + j

2 [F2(s + jω) − F2(s− jω)]
= 1

4 Gdc(s + jω)[2E(s)] + 1
4 Gdc(s− jω)[2E(s)]

= 1
2 E(s)[Gdc(s + jω) + Gdc(s− jω)]

(11)

when the signal transformation is considered without numerical transformation, the equivalent transfer
function of the AC–DC signal can be expressed by [25,26]:

Gac(s) = Gdc(s− jω) + Gdc(s + jω) (12)

The nonideal integral controller:

Gdc(s) =
Ki

1 + s/ωc
(13)

(Ki is the integral coefficient and ωc is the cut-off frequency) is substituted into Equation (12), Gac can
be formulated by:

Gac(s) =
Ki

1 + (s− jω)/ωc
+

Ki

1 + (s + jω)/ωc
=

2Kiωc(s +ωc)

(s2 +ω2 + 2ωcs +ω2
c )
≈

2Kiωcs
s2 + 2ωcs +ω2 (14)

Equation (14) is the nonideal resonance controller (NRC). It can make the AC signal, with angular
velocityω, obtain the effect that is similar to integrating a DC signal. Simultaneously, the bandwidth
of the NRC can be enlarged by setting the cut-off frequency ωc reasonably, which could reduce the
sensitivity of the controller to the change of signal frequency and improve the stability of the control
system. Combining NRC with the traditional PI controller, an adaptive proportional integral-nonideal
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resonance controller (PI-NRC) is formed to realize the steady-state error-free control of the AC and DC
signals. The transfer function of PI-NRC can be expressed by:

G(s) = Kp +
Ki
s
+

2Kwiωcs
s2 + 2ωcs +ω2 (15)

There are multiple different harmonics to realize zero-error adjustment, then the transfer function
of PI-NRC can be formulated by:

G(s) = Kp +
Ki
s
+
∞∑

h=1

2Khwiωcs

s2 + 2ωcs + (hω)2 (16)

Kp and Ki are the ratio and integral coefficients of PI, h is the number of harmonics, and Khwi
is the resonance gain coefficient of ith harmonic. Concerning the PI-NRC controller, the proportion
coefficient has been determined in the design of the PI controller, so the harmonic signal can only be
controlled by adjusting the parameters Ki and ωc of the resonance controller. Assuming the angular
frequency of the controlled object ω = 314 rad/s, ωc = 10 and keeping Ki unchanged, the transfer
function Bode diagram corresponding to Equation (14) is shown in Figure 10a. Through the adjusting
of Ki, the amplitude-frequency curve can be shifted up or down, which not only affects the controller
gain, but also affects the controller bandwidth. Therefore, in an ideal situation, the adjustment without
static difference of the AC harmonic signal can be realized by a reasonable Ki, eliminating the harmonic.Energies 2018, 10, x FOR PEER REVIEW  10 of 15 
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4.2. Harmonic Suppression Strategy of N* Three-Phase PMSG Machine-Side Converter

PI-NRC is introduced into the control strategy of the N* three-phase PMSG machine-side converter
to suppress low-order harmonic current in this paper. The system control block diagram is shown
in Figure 11. The reference value of the q-axis current is regulated by a DC bus voltage and the
reference current of the d-axis is 0, which is compared with the feedback of the d-q current. Then, the
voltage reference values Udref and Uqref are obtained by adjusting the error though PI-NRC. Six identical
SVPWM modulation switching signals are inputted to the converters of six generator units, respectively.
Finally, the control of the whole N* three-phase PMSG is completed.
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three-phase PMSG established by Ansys/Maxwell is imported with the help of the Ansys/Simplorer 
platform. The parameters of each generator unit are identical, as shown in Table 1, and the field-
circuit coupling simulation is carried out with the control strategy proposed in Simulink. The gener-
ator-side converter adopts the id = 0 control strategy and is set to a given speed mode. 
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4.3. Simulation and Analysis

The generator model in MATLAB/Simulink is an ideal mathematical model without considering
the harmonics in the generator system. To verify the effectiveness of the new N* three-phase PMSG and
the feasibility of the proposed control strategy, the finite element simulation model of an N* three-phase
PMSG established by Ansys/Maxwell is imported with the help of the Ansys/Simplorer platform. The
parameters of each generator unit are identical, as shown in Table 1, and the field-circuit coupling
simulation is carried out with the control strategy proposed in Simulink. The generator-side converter
adopts the id = 0 control strategy and is set to a given speed mode.

Figure 12 shows the current waveform of a 6* three-phase PMSG simulated by a traditional PI
controller. Figure 12a shows the current waveform of one generator unit of a 6* three-phase PMSG.
It can be seen from the figure that harmonic current always exists in a three-phase PMSG unit in
half-load and full-load, and the sinusoidal degree of the stator current waveform is poor. It is found by
Fourier decomposition that the odd-harmonic content in stator current is higher, among which the 5th
and 7th harmonic content is the largest. Figure 12b is the current waveform of the three-phase PMSG
unit in the d-q coordinate system. It can be seen from the figure that the current iq under full-load
is twice as much as that under half-load. The d-q axis current response could well follow the given
current, and the static error in steady-state is small. There also are apparent fluctuations in the d-q
axis current.

Table 1. Main parameters of a three-phase PMSG unit.

Parameters Values Parameters Values

Rated power 20 kW Rotor flux 0.058 Wb
Rated voltage 380 V Stator resistance 0.07 Ω
Rated speed 500 r/min d-q inductance 0.51 mH

DC bus voltage 250 V Pole pairs 2

When the traditional PI regulator is used, the amplitudes of the 5th, 7th, 11th and 13th harmonics
in the stator current are larger. It is found that the 5th harmonic is a negative sequence harmonic.
The negative sequence 5th harmonic and positive sequence 7th are converted to the synchronous
rotating coordinate system existing as the –6th harmonic signal and 6th harmonic signal, respectively.
Therefore, the NRC current controller with angular frequency of 6ω is set. The NRC controller with
an angular frequency of 10ω and 12ω is set to control the 11th and 13th harmonic currents. Figure 13
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is the current waveform of a three-phase PMSG unit 1 using the PI-NRC current controller. It can be
seen from the figure that the current harmonic content is less than that of the PI current controller in
half-load and full-load processes. The waveform sinusoidal degree is good and the 5th, 7th, 11th and
13th current harmonics are eliminated. Figure 13b shows the current waveform in the d-q axis. It can
be seen from the figure that the torque current iq under full load is twice that of the half-load. The
current response in the d-q axis follows the given current well and the static error in steady-state is
small. Concurrently, the current fluctuation in the q-d axis is well suppressed.
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5. Experimental Results and Analysis

To further verify the feasibility of the new modular N* three-phase PMSG and the effectiveness of
the current harmonic control strategy proposed in this paper, a test prototype with rated power at
120 kW was manufactured by the research group. The main parameters of the three-phase PMSG unit
are shown in Table 1, and a test platform was built as shown in Figure 14.
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The no-load back EMF of a 6* three-phase PMSG prototype at rated speed of 500 r/min is shown
in Figure 15. Figure 15a shows the no-load back EMF waveform of a three-phase PMSG unit 1. The
peak voltage is about 295 V and the effective value is 208 V. The experimental test value is slightly
lower than the finite element calculation value, which may be caused by the gap between the generator
units in the actual production process being larger than that of the FEA model. Figure 15b shows the
no-load back EMF waveform of phase_A of a three-phase PMSG units 1, 2 and 6. It can be seen from
the figure that the no-load back EMF waveforms of the three generator units are relatively consistent,
and the phase difference between them is 0 electric angle.

Figures 16 and 17 show the current test waveforms of a three-phase PMSG unit 1 with a PI and
PI-NRC controller at different speeds. According to the test results, the current harmonics can be
suppressed by adopting the PI-NRC controller under different speed conditions. Compared with
the traditional PI controller, the PI-NRC controller proposed in this paper has an obvious effect on
harmonic suppression.Energies 2018, 10, x FOR PEER REVIEW  13 of 15 
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6. Conclusions

Due to the disadvantages of traditional large-scale three-phase direct drive permanent magnet
wind turbine systems, such as complex structures and outstanding circulation problems, a new modular
N* three-phase permanent magnet wind turbine with a side converter current harmonic control strategy
was proposed in this paper. The conclusions of this paper are as follows:

(1) The N* three-phase PMSG proposed in this paper is composed of several three-phase generator
units with the same electromagnetic characteristics. Each generator unit has advantages of good
electrical isolation, simple structure and strong fault tolerance.
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(2) The current harmonics can be suppressed by the machine-side converter control strategy of an
N* three-phase PMSG proposed in this paper, which could eliminate the harmonics with higher
amplitude in the stator current and improve the generating efficiency of the generator.

(3) The generator proposed in this paper is suitable for the field of offshore large-capacity wind
power generation, which could provide some references for engineering practice.
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