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Abstract

The prominent trend in wind turbine technology centers on the adoption of direct-drive permanent magnet synchronous generators 

(DD-PMSG),	a	choice	driven	by	their	capacity	to	deliver	superior	efficiency	through	the	elimination	of	gearboxes.This	paper	presents	

a	 comprehensive	 exploration	 of	 the	 design,	modeling,	 and	 control	 aspects	 of	 a	 DD-PMSG	 intended	 for	 harnessing	wind	 energy	

conversion.	Initially,	the	geometrical	design	of	the	generator	is	meticulously	carried	out,	adhering	to	predefined	technical	specifications	

and constraints. Subsequently, an in-depth internal modeling, focusing on the electromagnetic behavior of the designed generator, is 

executed	using	finite	element	analysis	(FEA)	through	the	Ansys	Maxwell	RMXpert	software.	Finally,	the	external	modeling	and	control	

system integration of the designed generator, connected to the grid through power electronic converters, are simulated using the 

Matlab/Simulink	software	suite.	The	resulting	findings	underscore	the	efficacy	and	viability	of	the	proposed	generator	for	wind	turbine	

applications,	affirming	its	potential	to	enhance	wind	energy	conversion	systems.
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1 Introduction
In the preceding decade, the utilization of wind power 
within the realm of renewable energy sources has wit-
nessed a pronounced upswing [1, 2]. In the process of con-
verting wind energy into electrical power, two predomi-
nant categories of electrical machinery have conventionally 
held sway: doubly fed induction generators and synchro-
nous generators [1]. Nevertheless, a discernible shift in 
practice is discernible, marked by the increasing preva-
lence of direct drive generators. This shift can primarily 
be attributed to the heightened efficiency they confer, pri-
marily realized through the elimination of gearbox assem-
blies. Gearboxes have been recognized for their propensity 
to engender a gamut of issues, including the generation of 
acoustic emissions, the exigency of recurring maintenance 
interventions, the augmentation of energy dissipation, and 
a substantial contribution to system downtime rates.

The several studies presented by many authors prove 
that direct drive generators, especially DD-PMSG are the 

best choice for wind turbines. Indeed, authors in [3] shows 
that the direct-drive technology offers good performance 
with respect to reliability, maintenance, energy extraction, 
and grid power quality. In [4], the authors compared five 
different generator systems, namely doubly-fed induction 
with three stages (DFIG3G) and with single-stage gear-
box (DFIG1G), permanent magnet generator with sin-
gle-stage gearbox (PMSG1G), direct drive generator with 
electrical excitation (DDSG) and direct drive permanent 
magnet generator (DDPMG). The authors concluded that 
all of the geared generators have high losses in the gear-
box which reduce the energy yield, DDSG is the heaviest 
and most expensive alternative, and that there is import-
ant copper losses in the stator and the rotor.  DDPMG 
does not have a gearbox and electrical excitations which 
reduce the losses and improve the energy yield.

The authors in [5] compared the embedded magnets with 
the surface mounted magnet machines. The study showed 
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that higher torque is achieved with surface mounted mag-
net machine and it needs less magnet material compared 
to embedded magnets. Five types of rotor structures are 
presented and discussed in [6] to determine the suitable 
rotor structure with high power for a PMSG. And it is con-
cluded that the surface permanent magnet (SPM) structure 
with a magnet width/pole pitch of 90% is the most suitable 
rotor structure for high efficiency, low voltage, and high 
power output.

According to different comparisons, discussions and 
presentations of the direct drive generators given in the 
literature; our choice is focused on the design of a sur-
face permanent magnet synchronous generator (SPMSG). 
It has various advantages, such as higher efficiency, larger 
power densities and higher reliability which reduce opera-
tion and maintenance costs.

The direct-drive generators are designed with a large 
diameter and small pole pitch to increase the efficiency, 
to reduce the active material and to keep the end winding 
losses small [5]. The air-gap should not exceed a few milli-
meters to avoid excessive magnetization requirements [5].

This paper delineates the design process of a Synchronous 
Permanent Magnet Synchronous Generator (SPMSG) in 
a structured manner, comprising three distinct sections. 
Firstly, we embark on an analytical design phase, entail-
ing the meticulous calculation of the primary dimensions 
essential to the SPMSG. Subsequently, an internal mod-
eling phase is executed, focusing on the intricate electro-
magnetic behaviors of the generator. This modeling is con-
ducted through the utilization of Ansys Maxwell RMXpert 
software, facilitating a comprehensive understanding of the 
SPMSG's electromagnetic characteristics. Finally, the paper 
delves into the external modeling aspect, concentrating on 
the generator's performance when interfaced with the grid 
via a power electronic converter. This external modeling, 
aimed at assessing the generator's operational efficiency and 
behavior under practical conditions, is accomplished using 
Matlab/Simulink software, providing valuable insights into 
its grid-connected functionality.

2 Analytical design
In this section, a DD-SPMSG with 64 poles pairs, 660 kW 
rated power and 46.875 rpm rated mechanical speed is 
analytically designed. The principal dimensions of the 
generator are calculated using classical equations given 
in literature [6–13].

The geometry of the SPMSG including the parameters 
of the geometrical dimensions is shown in Fig. 1.

The bore radius (Rb) and the active length (L) of the gen-
erator are given by [6–8]:
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where rr1 is the ratio of the radius bore to the active length 
(L), Pn is the rated power, Kw1 is the stator fundamental 
winding factor, B̂g1 is the fundamental air gap flux density, 
Â1 is the linear current density, Ω is the rated speed and 
cos φ is the rated power factor.

The gap length (g), the stator yoke (ys) and the rotor 
yoke (yr) are expressed by [9, 10]:
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where: p: the number of pole pairs; Bv: the flux density in 
the iron core; αm: the rotor pole embrace.

The height (sh) and the width (sw) of the stator slot are 
given by [9, 11]:
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with: Js: the current density; Kr: the stator slot fill factor; 
Ks is the slot proportion; Qs is the number of stator slots.

The height (mh) and the width (mw) of the permanent 
magnet are expressed by [7, 12, 13]:

 

 

   

   
      

  

      

   

                 

Fig. 1 Geometrical parameters of the SPMSG studied design
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where μr and Br: the relative permeability and the residual 
flux density of the permanent magnet.

The imposed technical specifications and constraints 
which must be fulfilled by the generator are given in the 
Table 1, and the results calculations are summarized in 
the Table 2.

3 Electromagnetic analysis of the designed generator
To verify, and analyze the analytical design obtained in 
the Section 2, it is necessary to perform an internal mod-
eling concerning the electromagnetic behavior of the gen-
erator. And this is done by using a finite elements method 
under Ansys Maxwell RMXpert software.

3.1 Concept of the finite element method
Finite Element method (FEM) is a numerical method used 
in the design and analysis of all different fields in engi-
neering (electromagnetic, mechanical, thermal…), it solves 
problems with complicated geometries, loading, problems 
with anisotropic and non linear materials and problems 
with time variable fields [14, 15]. The basic concept of the 
method (FEM) is the discretization of the model to small 
elements where equilibrium equations are formulated. The 
combination of these equations gives us the equation for 
the whole structure. The boundary conditions are then 
imposed and the equations of equilibrium are solved [16].

The magnetic field distribution in the electromagnetic 
systems, including electrical machine, is obtained from 
Maxwell's equations which described the interactions 
between the electric and magnetic fields [14, 15].
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Adding the constitutive relationships given by [15]:
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The relation Eq. (14) in a permanent magnet is given by:
  

B H M� �� ��0 . (16)

From Eq. (12), it implies the existance of a magnetic 
vector potentiel A→ which is related to the magnetic flux 
density B→  by:
  

B A� �� . (17)

After calculation, the obtained magnetodynamic equa-
tion is given by:
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In two dimensional analysis, the magnetic vector poten-
tial A→ and the permanent magnets magnetization 

→
M  are 

reduced to the z axes scalar Az and the (x, y) axes scalars 
Mx, Mv, respectively. Eq. (18) becomes:

Table 1 Technical specifications and constraints of the SPMSG

Parameters Symbole Value Unit

Rated power Pn 660 kW

Rated speed Ω 4.9 rad/s

Number of phases m 3 -

Frequency f 50 Hz

Rated power factor cos φ 0.95 -

Number of pole pairs p 64 -

Linear current density A 60e3 A/m

Surface current density Js 4e6 A/m2

Winding factor Kw1 0.95 -

Permanent magnet type NdFeB - -

Residual flux density Br 1.1 T

Relative permeability μr 1.05 -

Ratio of the radius bore to the 
active length rrl 5 -

Table 2 Design results for the SPMSG

Parameters Symbole Value Unit

Bore radius Rb 1.466 m

Active length L 0.293 m

Stator yoke ys 14.4 mm

Rotor yoke yr 14.4 mm

Height of slot sh 56.7 mm

Width of slot sw 24 mm

Gap length g 3 mm

Height of paermanent magnet mh 8.7 mm

Width of permanent magnet mw 50 mm
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where: μ: the magnetic permeability; ε: the electric per-
mittivity; →Js : the stator winding current density; σ: the 
electric conductivity; D→ : the electric flux density; 

→
E : the 

electrical field intensity; →H : the magnetic field intensity.

3.2 Maxwell 2D RMXpert model method
Firstly, the analytical design is imported to the RMXpert 
environment to verify it and then, to the Ansoft Maxwell 
2D software to perform the magnetodynamic analysis. 
The geometric model of the generator under RMXpert 
environment is represented in Fig. 2.

The different materials selected in the RMXpert mate-
rial library are: NdFe35 for the permanent magnets, 
Steel_1010 for the stator and the rotor core, and Copper 
for the stator winding. The B-H curve of the Steel_1010 is 
shown by Fig. 3.

A fractional double layer winding used is represented 
by Fig. 4. This type of winding leads to easier manufac-
ture and lower cost of coils and the short pitching can be 
used to reduce cogging and certain harmonics [17].

Because of the big size of SPMSG obtained, and to 
minimize the simulation time, two poles of the model sim-
ulation are considered. The finite elements descretization 
realized in Ansoft Maxwell software is shown by Fig. 5.

The results of the analysis of the flux lines path and 
the flux density distribution are shown by Figs. 6 and 7 
respectively. These results are obtained at 0.4 s which cor-
respond to the position of the rotor 113.054 degrees, and at 
the rated speed 46.875 rpm.

Fig. 2 SPMSG design

Fig. 3 B-H curve of steel_1010

 

Fig. 4 Double layer fractional winding distribution

 

Fig. 5 Mesh analysis of the designed SPMSG

 
Fig. 6 Flux lines path of the designed SPMSG

 

Fig. 7 Flux density distribution of the designed SPMSG
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4 Modeling of the designed generator connected to the 
grid
The SPMSG is directly driven by the wind turbine torque 
(mechanical input energy) which is converted into elec-
trical output energy [18, 19], and then injected to the grid 
through converter system as represented by Fig. 8.

The angular rotor speed of SPMSG is controlled via 
the machine side converter (MSC) to obtain the maxi-
mum wind energy [20, 21]. However, the grid side con-
verter (GSC) is responsible for feeding of generated 
energy to the AC grid [20].

In this section, the modeling of the wind turbine, 
SPMSG and converters is carried out.

4.1 Wind turbine modeling
The extracted mechanical power from the wind (Pm) and 
the available turbine mechanical torque (Tm) are given by 
[20, 22]:
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where: Ωm: the turbine angular speed; ρ: the air density; 
Rt: the turbine radius; v: the wind speed; β: is the blade pitch 
angle; λ: is the tip speed ratio (TSR), it is given by Eq. (22):
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Concerning the power coefficient Cp, a various model 
are given in the literature, but in this paper a diveloped 
model given by [23] is considered. It is described by:
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The different coefficients Cpmax, X0, X1, are constant for 
the blad pitch angle β = 0 and they are variables for β ≠ 0:

• if β = 0:
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• if β ≠ 0:
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The Table 3 [23] gives the constant parameters used for 
a 660 kW wind turbine [24].

The power coefficient versus lambda for different val-
ues of the pitch angle is shown in Fig. 9.

 
Fig. 8 SPMSG connected to the grid

Table 3 Power coefficient parameters of a 660 kW wind turbine [23]

Parameters Value

Cpmax0 0.49

X00 15.3

X10 19

a0 11

b 0

ΔC 0.02

α 1.5

βm 20°

λm 8.5

λ0 7.65
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4.2 Surface permanent magnet synchronous generator 
modeling
The mathematical modeling of the PMSG is given in the 
dq-axes reference frame. The stator voltage (vd and vq) 
equations are given by [24–26]:

v R i L
di
dt

L i
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where: Rs: the stator resistance; Ld and Lq: the d-q axis 
inductances; id and iq: the stator currents in the d-q axis 
and ωe: the electrical speed of the generator, it is related to 
the mechanical speed Ωm by [24–26]:
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Elsewhere, the electromagnetic torque and the mechan-
ical equations are expressed by [24–26]:
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As shown in Fig. 1, SPMSG is with smooth poles which 
mean that the d-q axis inductances are equal (Ld = Lq), the 
electromagnetic torque given by the Eq. (32) can be then 
expressed by [25]:

T p ie f q�
3

2
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where: φf: the permanent magnetic flux; fv: the friction 
coefficient; Jtot: the total mechanical inertia.

4.3 Converters modeling
As shown in Fig. 8, the generator is connected to the grid 
throw two converters, the first one is in the machine side 
(rectifier) and the second one is in the grid side (inverter). 
The rectifier model and the inverter model are given by [27]:
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with: C: the DC bus capacity; Vdc: the DC bus voltage; Sa, 
Sb and Sc are the control signals modulation; ia, ib and ic: the 
phase currents of the generator, Iinv is the current of the 
inverter, va, vb and vc are the output voltage of the inverter.

5 Control of the designed generator connected to the 
grid
The control of the SPMSG wind turbine is briefly described 
in this section; it is realized by a coordinated control of the 
converter control and the wind turbine control.

5.1 Control of the generator side converter
From Eq. (32), it can be remarked that, the electromag-
netic torque can be regulated to its reference value (Teref) 
by acting on the q-axis current when the d-axis current is 
regulated to zero.

i
p

Tqref
f

eref�
2

3 �
 (37)

Moreover, to ensure the maximum power point tracking 
(MPPT) strategy, the reference generator speed (Ωmref) is 
estimated by the optimum tip speed ratio (λopt) as follows:

�mref
opt

R
v�

� . (38)

As Fig. 10 shows, both d-q reference currents were 
transformed to their natural abc components and used for 
implementing the hysteresis modulation.

5.2 Control of the grid side converter
The duty of the grid side converter (GSC) is to ensure the 
feeding of the grid with the generated energy.

Fig. 9 Power coefficient for different values of β
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The control strategy of GSC is shown in Fig. 11, where  
Pgref and Qgref are the grid active power reference and the 
grid reactive power reference, respectively. igrid is the cur-
rents grid, igq_ref and igd_ref are the d-q reference currents 
grid and they are calculated by [23]:

i
v v

P v Q vgd ref
gq gd

gref gd gref gq_
�

�
�� �1

2 2
 (39)

i
v v

P v Q vgq ref
gq gd

gref gq gref gd_
�

�
�� �1

2 2
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Both d-q grid reference currents were transformed to 
their natural abc components and used for implementing 
the hysteresis modulation.

6 Results and discussion
The simulation of the system described in Fig. 8 is per-
formed with Matlab/Simulink software. The simula-
tion parameters of the designed generator (SPMSG) and 
the wind turbine are given in Table 4 and Table 5 [23] 
respectively.

The electrical parameters of the SPMSG are calculated 
numerically using Ansys Maxwell RMXpert software.

The wind profile used in this study is given by Fig. 12, 
where the minimum value is 8 m/s and the nominal value 
is 12.4 m/s.

As shown in Fig. 13, the generator's mechanical speed 
follows the wind speed profile, reaching its rated value at 
the wind's nominal speed. Fig. 14 illustrates the waveform 
profiles of the phase current and voltage generated by the 
designed SPMSG. In addition, Fig. 15 shows that the active 
power of the generator and the grid have the same pro-
file and variation; both have reached the optimum value 
(660 kW) at nominal mechanical speed. The variation of 
the generator's electromagnetic torque is also shown in 

 

Fig. 10 Machine side converter control

 

Fig. 11 Grid side converter control

Table 4 SPMSG parameters

Parameters Symbole Value Unit

Phase resistance Rs 0.02 Ω

d-axis inductance Ld 0.87 mH

q-axis inductance Lq 0.87 mH

Generator inertia Jg 1640.1 Kg m2

Table 5 Wind turbine parameters [23]

Parameters Symbole Value Unit

Turbine radius RT 19.26 m

Turbine inertia JT 222963 Kg m2

Nominal mechanical speed Ωm 46.87 rpm

Optimum tip speed ratio λopt 7.95 -

Maximum power coefficient Cpmax 0.49 -

Fig. 12 Wind speed profile
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Fig. 15. Regarding the reactive power, it can be seen in 
Fig. 16 that its value is zero on the grid side, demonstrating 
the maintenance of the unit power factor.

Figs. 17 and 18 illustrate that the DC bus voltage is 
maintained at its reference and that the rectified current is 
identical to the current injected into the inverter. Finally, 
the waveform of the current and the voltage phases of the 
grid are shown in Fig. 19.

Fig. 14 Current and voltage phase of the SPMSG

Fig. 15 Active power and electromagnetic torque

Fig. 16 Reactive power

Fig. 17 DC bus voltage

Fig. 18 DC bus currents

Fig. 19 Current and voltage of the grid

Fig. 13 Mechanical speed of the SPMSG
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7 Conclusion
A Direct Drive Permanent Magnet Synchronous Generator 
(DD-PMSG) has been meticulously designed, thoroughly 
modeled, and effectively controlled for the purpose of 
wind energy conversion. The design phase primarily 
involves analytical calculations to determine the genera-
tor's key geometric parameters. Subsequently, the genera-
tor's electromagnetic behavior is rigorously verified using 
finite element analysis (FEA) within the Ansys Maxwell 
RMXpert software environment.

The integration of the designed DD-PMSG with the grid 
is achieved through the utilization of power electronic con-
verters, while a precise control strategy is implemented to 
ensure the quality of the generated power injected into the 

grid. These intricate interactions are simulated compre-
hensively using the Matlab/Simulink software platform.

The results obtained from these simulations exhibit a 
high degree of satisfaction, firmly adhering to the pre-
defined technical specifications and constraints. These 
findings not only demonstrate the effectiveness of the 
designed generator for wind turbine applications but also 
establish its feasibility in practical scenarios.

As part of future work, a paramount objective is to 
bolster the credibility of the outcomes presented in this 
paper through experimental validation. This will involve 
the construction and testing of a prototype embodying the 
designed Synchronous Permanent Magnet Synchronous 
Generator (SPMSG).
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