
 

 

 

FAbstract – This paper presents an optimal design 
methodology taking speed and torque profiles into account for 
permanent magnet synchronous generators (PMSGs). This 
method, based on the d-q axis equivalent circuit model, allows to 
optimize both the time-dependent control parameters and the 
design with a reduced computation time. The case of a 10-MW 
direct-driven Permanent Magnet Generator for an Offshore 
wind turbine has been chosen to illustrate this method. The 
design objective is to minimize the masse as well as the average 
electric losses over all working points. Thermal and magnetic 
models are validated by a finite element analysis (FEA). 
 

Index Terms—Wind speed profile, Loss minimizing control, 
PMSG, Design optimization. 

I.   NOMENCLATURE 
𝑣!,	𝑣"  : d-and q- axis terminal voltages [V] 
𝑖!,	𝑖"   : d- and q- axis currents [A] 
𝑒#       : back electromotive force [V] 
ℛ$    : armature resistance [W] 
ℛ%    : iron loss resistance [W] 
𝑋    : synchronous reactance [W] 
𝑃$      : copper losses [W] 
𝑃&'    : iron losses [W] 
𝑘(!      : additional iron loss coefficient 
𝑘)$    : eddy currents specific loss coefficient 
𝑘*    : hysteresis specific loss coefficient 
𝑘+    : slot fill factor 
𝑘,    : tooth opening to the slot pitch ratio 
𝑘-    : coefficient for correcting the active length 
𝐿    : active length [m] 
𝜏-.      : length to outer stator radius ratio 
𝑅	    : outer stator radius [m] 
𝑅/	    : inner stator radius [m] 
𝑅0     : outer rotor radius [m] 
𝑟/    : reduced inner stator radius 
𝑅1	      : outer winding radius [m] 
𝑟1    : reduced outer winding radius 
𝑤('        : air-gap thickness [m] 
𝑤23    : permanent magnet height[m] 
𝑏23    : permanent magnet width [m] 
𝑛/     : number of turns per phase per pole 
𝑝     : number of pole pairs 
𝑞     : number of phase 
𝜎$    : electric conductivity [S-1] 
𝛺&    : machine mechanical angular velocity [rad/s] 
𝜃&(4   : maximal permissible temperature [°C] 
𝜃1       : maximal winding temperature [°C] 

 
FThis work was carried out within the framework of the WEAMEC, West 

Atlantic Marine Energy Community, and with funding from the Pays de la 
Loire Region. 

𝜃(&5   : ambient temperature [°C] 
ℎ)"    : heat transfer coefficient [W/m²K] 
𝜌$    : copper density [kg/ m3] 
𝜌6)    : steel density [kg/ m3] 
𝜌23    : permanent magnet density [kg/ m3] 
𝐶7$    : specific heat capacity of copper [J/Kg/K] 
𝐶76)    : specific heat capacity of steel [J/Kg/K] 

II.   INTRODUCTION 
 

FFSHORE wind generation has taken an increasingly 
important place in the European wind power 

development in the last recent years. It presents a high 
availability, stable wind speed and less environmental 
constraints. In order to reduce the energy cost, increasing the 
turbine power is a strong trend. However, it leads to increase 
active and structural masses which are limited by technology, 
transport and installation. Therefore, maximizing the power 
density is a crucial criterion in the design process. 

In that case, variable-speed wind turbines with pitch 
control are used [1] to optimize the turbine output power. 
Generally, the dynamic behavior is not taken into account in 
the design process. In most cases, the generator is designed 
for the rated power [2], [3] only. Such a method can lead to 
oversize the generator particularly if the permanent thermal 
regime is not reached. To minimize energy losses, all working 
points must be considered. One of the most important issues, 
in a design process which consider several hundreds of 
working points, is that, in addition to optimizing the 
dimension parameters, it must also optimize the time-
dependent control parameters. Therefore, that leads to a huge 
computation time. In order to overcome this problem, the 
present solutions replace all working points by some 
representative ones [4]. However, such an approach does not 
allow to consider an optimal control strategy as well as the 
thermal transient phenomenon.    

The aim of this paper is to present an optimal design 
methodology which considers all working points of the wind 
generator without increasing the computation time. The 
proposed method allows to optimize simultaneously the 
geometry as well as the control parameters of each working 
point. In addition, it allows also to reduce the constraint on the 
power electronics converter [5]. In this paper, the case of a 10-
MW direct-drive PMSG with nine phases, taking a real wind 
speed profile into account, has been investigated. Considering 
the crucial constraints presented above, the purpose of our 
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work is to minimize both the mass and the average losses 
considering a monthly working cycle.  

The paper is organized as follows. At first, the principle of 
the optimal design methodology will be detailed. Then, the 
different models and constraints used will be given. Next, the 
results of the selected optimum machine with its optimum 
geometry and optimum time-dependent currents will be 
presented and discussed. The last part of the paper is dedicated 
to validate, by the use of a 2D Finite Element Analysis (FEA), 
the analytical model used.  

III.   OPTIMAL DESIGN METHODOLOGY 
The presented methodology is based on the d-q axis 

equivalent circuit model taking iron losses into account via 
the iron loss resistance 𝑅%(𝑡) (see Fig. 1). The optimization 
parameters can be categorized into three groups as below:  
 

- The time-dependent control variables are the d-q axis 
currents 𝑖8"(𝑡)	and 𝑖8!(𝑡). They will be analytically 
expressed to minimize the sum of iron and copper power 
losses for each working points. 
 

- The rotor variable	𝐵+&,	 magnitude of the air-gap flux 
density represented in the circuit via the electromotive 
force 𝑒#(𝑡). It will be optimized analytically to minimize 
the energy losses for the considered cycle. Note that the 
magnets are sized afterwards, from 𝐵+&	87,.  
 

- The stator geometry variables are 𝑅, 𝑟/, 𝑟1 and 𝑝 (see Fig. 
2) which are in the reactance (𝑋) and resistances 
(	ℛ$ , ℛ%) expressions (see Fig.1). They will be 
optimized by the use of a genetic algorithm to minimize 
the average losses of all working points. 

 
The optimization approach described here is based on the 

principle presented in [5]. At first, both the optimal currents 
(𝑖8"	87,(𝑡), 𝑖8!	87,(𝑡)) and the optimal magnitude of the air-
gap flux density of the permanent magnets (𝐵+&	87,) will be 
predetermined analytically as a function of the geometric 
parameters, the power and speed profiles. These results, in a 
second step, allow to express analytically the average losses 
over the working cycle as a function of the geometric 
parameters only. In the final step, a genetic algorithm will be 
used to find the optimal design parameters.  

 

 
Fig. 1. (a) d-axis equivalent circuit of an PMSG; (b) q-axis 
equivalent circuit of an PMSG 

A.   Basic equations 
 

In this article, due to low speed and torque variations, the 
terms in 𝑑/𝑑𝑡 will be neglected. Then, the main equations 
such as the d-q axis stator voltages (𝑣8!(𝑡),	𝑣8"(𝑡)) and the 
electromagnetic power (𝑃)&(𝑡)) can be expressed as: 

 

 𝑣8!(𝑡) = 𝑋(𝑡)𝑖8"(𝑡) (1) 

 

 𝑣8"(𝑡) = −𝑋(𝑡)𝑖8!(𝑡) + 𝑒#(𝑡) (2) 
 

 𝑃)&(𝑡) = 𝑖8"(𝑡)𝑒#(𝑡) (3) 
 
The copper losses 𝑃$(𝑡) can be calculated as: 

 

 𝑃$(𝑡) = ℛ$B𝑖!:(𝑡) + 𝑖":(𝑡)C (4) 
Where: 

 𝑖!(𝑡) = 𝑖8!(𝑡) − 𝑖%!(𝑡) = 𝑖8!(𝑡) −
𝑣8!(𝑡)
ℛ%(𝑡)

 (5) 
 

 𝑖"(𝑡) = 𝑖8"(𝑡) − 𝑖%"(𝑡) = 𝑖8"(𝑡) −
𝑣8"(𝑡)
ℛ%(𝑡)

 (6) 

 
From (1), (2), (4), (5) and (6), the copper losses can be 

expressed as follows: 
 

 𝑃$(𝑡) = 𝑖8!: (𝑡) Dℛ$ +ℛ$ E
𝑋(𝑡)
ℛ%(𝑡)

F
:

G +⋯ (7) 

 

 
…+ 𝑖8": (𝑡) Dℛ$ +ℛ$ E

𝑋(𝑡)
ℛ%(𝑡)

F
:

G +⋯ 
 

 

 
…− 𝑖8!(𝑡)

2𝑒#(𝑡)ℛ$𝑋(𝑡)
ℛ%:(𝑡)

+⋯ 
 

 

…− 𝑖8"(𝑡)
2𝑒#(𝑡)𝑅$
ℛ%(𝑡)

+
ℛ$𝑒#:(𝑡)
ℛ%:(𝑡)

 

 
The iron losses are expressed as: 
 

 𝑃&'(𝑡) =
𝑣8!: (𝑡) + 𝑣8": (𝑡)

ℛ%(𝑡)
 (8) 

 

From (1), (2) and (8), it is possible to write: 
  

 𝑃&'(𝑡) = 𝑖8": (𝑡)
𝑋:(𝑡)
ℛ%(𝑡)

+ 𝑖8!: (𝑡)
𝑋:(𝑡)
ℛ%(𝑡)

+⋯ (9) 

 

…− 𝑖8!(𝑡)
2𝑋(𝑡)𝑒#(𝑡)
ℛ%(𝑡)

+
𝑒#:(𝑡)
ℛ%(𝑡)

 

 

B.   Analytical expression of the optimal currents  
The optimal currents allows the generator to satisfy the 

requested power 𝑃)&(𝑡) and speed 𝛺&(𝑡) with minimal 
losses. For the PMSG, the q-axis current 𝑖8"	87,	(𝑡) is directly 
imposed by the electromagnetic power 𝑃)&(𝑡) according to 
(10) such as: 

 𝑖8"	87,	(𝑡) = −
𝑃)&(𝑡)
𝑒#(𝑡)

 (10) 
 

Then, from (7), (8) and (10), the sum of the iron and copper 
losses, for a given geometry, can be expressed as: 
 

 𝑃,(𝑡) = 𝑃$(𝑡) + 𝑃&'(𝑡) = 𝑖𝑜𝑑2 (𝑡)𝐴(𝑡) +⋯ (11) 
 

…− 2𝑒$(𝑡)𝑋(𝑡)𝐵(𝑡)𝑖%&(𝑡) + .−
𝑃𝑒𝑚(𝑡)
𝑒0(𝑡)

/
'

𝐴(𝑡) +⋯ 

 
 …+

2𝑃()(𝑡)ℛ𝑐
ℛ𝜇(𝑡)

+ 𝑒$'(𝑡)𝐵(𝑡) 
 

ℛ"

ℛ#𝑖%&
𝑋
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Where the terms 𝐴(𝑡) and 𝐵(𝑡) depend on the resistances 

and the reactance as following: 
 

 𝐴(𝑡) = 	ℛ𝑐 +ℛ𝑐 .
𝑋(𝑡)
ℛ𝜇(𝑡)

/
'

+
𝑋	'(𝑡)
ℛ𝜇(𝑡)

 (12) 

 

 
𝐵(𝑡) = 	

ℛ𝑐 +ℛ𝜇(𝑡)
ℛ𝜇2(𝑡)

 

 
(13) 

From (11), it can be shown that the total losses are 
minimized with: 
 

 𝑖8!	87,(𝑡) =
𝑒#(𝑡)𝑋(𝑡)𝐵(𝑡)

𝐴(𝑡)
	 (14) 

 

And: 

 𝑃,!"#(𝑡) = D𝐵(𝑡) −
B𝑋(𝑡)𝐵(𝑡)C2

𝐴(𝑡) G 𝑒02(𝑡) +⋯ (15) 

 

…+
𝐴(𝑡)𝑃()' (𝑡)
𝑒$'(𝑡)

+
2𝑃()(𝑡)ℛ𝑐
ℛ𝜇(𝑡)

 

 

C.   Analytical expression of 𝐵+&	87,  
The magnitude of the magnetic flux density	𝐵+& produced 

by the magnets in the air-gap is constant, whatever the 
working point. This parameter is then optimized by the 
minimization of the average losses over the cycle. By 
substituting 𝑒#(𝑡) = 𝑘AΩ(𝑡)𝐵+& in (15), 𝐵+& appears in the 
loss expression as follows: 
 

 < 𝑃,!"(𝑡) >=
1

𝑘A:𝐵𝑓𝑚2
	
1
𝑇P

𝐴(𝑡)𝑃𝑒𝑚2 (𝑡)
𝛺&: (𝑡)

𝑑𝑡
B

#
+⋯ (16) 

 

…𝑘A:𝐵𝑓𝑚2 D
1
𝑇P D𝐵(𝑡) −

B𝑋(𝑡)𝐵(𝑡)C2

𝐴(𝑡) G𝛺&: (𝑡)𝑑𝑡
B

#
G +⋯ 

 

 
…+

1
𝑇5

2𝑃()(𝑡)ℛ𝑐
ℛ𝜇(𝑡)

𝑑𝑡
𝑇

0
 

 

 
Where 𝑘A, for the 𝑞 phases PMSG, can be expressed as: 
 

 𝑘A = Q
𝑞
24𝑛/𝜏-.𝑝𝑟/𝑅

: (17) 
 

Then, it is possible to find 𝐵+&	87, that minimizes the 
average losses. It gives: 

 𝐵+&	87, =
1
𝑘A
EP

𝐴(𝑡)𝑃𝑒𝑚2 (𝑡)
𝛺&: (𝑡)

𝑑𝑡
B

#
F

D
E
×… (18) 

…

⎝

⎜⎜
⎛ 1

∫ D𝐵(𝑡) −
B𝑋(𝑡)𝐵(𝑡)C2

𝐴(𝑡) G𝛺&: (𝑡)𝑑𝑡
B
# ⎠

⎟⎟
⎞

D
E

 

With: 

 < 𝑃,!" >87,=
2
𝑇
[P \

ℛ$𝐵(𝑡)
𝐴(𝑡) ^𝛺&

2 (𝑡)𝑑𝑡	
B

#
×… (19) 

 

 
…
2
𝑇65 	

𝐴(𝑡)𝑃()' (𝑡)
𝛺𝑚' (𝑡)

𝑑𝑡
/

$

+ 1𝑇5
2𝑃()(𝑡)ℛ0

ℛ𝜇(𝑡)
𝑑𝑡

𝑇

0
 

 

 

Expression (19) depends on ℛ$, ℛ%(𝑡) and 𝑋(𝑡) which 
depends on the geometric variables only (𝑅, 𝑟/, 𝑟1 , 𝑝). Such an 
expression can be thereby minimized by the use of a genetic 
algorithm without an excessive computation time. 

IV.   MODELING 
We consider, in this paper, a 1-D magnetic model. The 

study is limited at the fundamental components and it is 
assumed that the steel parts are infinitely permeable. 
 

 
Fig. 2: Design and geometric parameters of the PMSG 

 

A.   Electromagnetic model 
The iron loss resistance ℛ%(𝑡) can be deduced from the (8). 

It gives: 
 

 ℛ%(𝑡) =
𝑣8!: (𝑡) + 𝑣8": (𝑡)

𝑃&'(𝑡)
=

𝑞𝑉&:

2𝑃&'(𝑡)
 (20) 

 
Where 𝑉& is the magnitude of the voltage which can be 

expressed from the magnitude of the resulting flux density in 
the air-gap 𝐵0& as below: 
 

 𝑉& = 4𝑝𝑛/𝛺&𝑅𝐿𝐵0& (21) 
 

The iron losses (Eddy currents + hysteresis) can be also 
expressed as a function of 𝐵0& such as [6]: 
 

 𝑃&'(𝑡) = 𝐵0&: 𝛾(𝑡) (22) 
 

Where: 
 

 𝛾(𝑡) = 𝜋 E
(1 + 𝑟1)𝑟/:

𝑝:(1 − 𝑟1)
+
(𝑟1: − 𝑟/:)𝑟/
𝑘!𝑟1

F 𝐿𝑅: ×… (23) 

 
…𝑘(!(𝑘)$𝑝:𝛺&: (𝑡) + 𝑘*𝑝𝛺&(𝑡)) 

 
Thus, from (20)-(23) the iron loss resistance is: 

 

 ℛ%(𝑡) =
8
𝜋 𝑞𝑛/

:𝜏-.
1

𝑘(!(𝑘)$𝑝Ω&(𝑡) + 𝑘*)
… (24) 

 
 …

𝑝Ω&𝑅

\ 1𝑘!
𝑟1: − 𝑟/:
𝑟1𝑟/

+ 1 − 𝑟1:
𝑝:(1 − 𝑟1):

^
  

 
The winding resistance of a nine-phase machine (ℛ$) can 

be determined in the same way of a three-phase machine [6]. 
It can be demonstrated that: 

  



 

 

 

 ℛ$ =
16
𝜋 𝑞 \

𝑘-
𝑘0𝜎$

^𝑛/:𝜏-.
𝑝:

𝑟1: − 𝑟/:
1
𝑅 (25) 

 
The synchronous reactance 𝑋(𝑡) of a 𝑞-phase PMSG 

can be written: 

 𝑋(𝑡) =
8
𝜋 𝑞𝜏-.𝜇#𝑛/

: 𝑟/𝑅:

𝑤(' +𝑤23
𝑝𝛺&(𝑡) (26) 

 

B.   Constraints 
During operation, the hottest point in the machine must 

remain smaller than the maximum permissible temperature 
𝜃&(4: 
 

 𝜃1(𝑡) ≤ 𝜃&(4 (27) 
 

For each evaluated machine, the dynamic behavior of the 
temperature in the winding 𝜃1(𝑡) is calculated from the 
lumped parameter thermal model represented in Fig. 3(b) [7] 
[8]. In this study, the heat flow is assumed unidirectional in 
the radial direction and each cylindrical element can be 
modeled by an equivalent circuit as shown in Fig. 3(a). The 
thermal resistance as well as the thermal capacity are 
calculated from the geometry and the thermal properties of the 
materials via (28), (29) and (30). The time-dependent 
temperature at node 𝑖	can be evaluated with (31). 
 

 
Fig. 3. (a) Thermal equivalent circuit of a cylindrical element; (b) 

Lumped parameter thermal model of PMSGs 

 

 𝑅	𝑥1 =
1

2𝜆𝑚𝑎𝑡𝛽𝑚𝑎𝑡𝐿
!
2 "𝑅𝑒𝑥𝑡𝑅𝑖𝑛𝑡

#
2
𝑙𝑛 "𝑅𝑒𝑥𝑡𝑅𝑖𝑛𝑡

#

"𝑅𝑒𝑥𝑡𝑅𝑖𝑛𝑡
#
2
− 1

− 1& (28) 

 

 𝑅	𝑥2 = 	
1

2𝜆𝑚𝑎𝑡𝛽𝑚𝑎𝑡𝐿
!1 −

2𝑙𝑛 "𝑅𝑒𝑥𝑡𝑅𝑖𝑛𝑡
#

"𝑅𝑒𝑥𝑡𝑅𝑖𝑛𝑡
#
2
− 1
& (29) 

 

𝐶4 =
1
2𝜋 𝜌&(,𝐶7𝛽&(,

(𝑅)4,: − 𝑅LM,: )𝐿 
 

(30) 

 

 𝐶4
𝑑𝜃L
𝑑𝑡 +

𝜃L − 𝜃LND
ℛ4:

+
𝜃L − 𝜃LOD
ℛ4D

= 	𝑃 (31) 

 
Where 𝑃 is heat generated inside the element. The case of 

a natural convection at the inner and outer stator surface will 
be considered here, with a coefficient of 10 W/m²K.   

 
The maximum flux densities in the yoke and teeth must be 

limited at the saturation level as below: 
 

 𝐵,&(𝑡) =
1
𝑘,
𝐵0& ≤ 𝐵/(, (32) 

 

 𝐵P&(𝑡) =
𝑟/

𝑝(1 − 𝑟1)
𝐵0& ≤ 𝐵/(, (33) 

 
The terminal voltage is limited at 𝑉QL&L, by the power 

electronics converter and the DC bus voltage. Then: 
 

 Q𝑉!: + 𝑉": ≤ Q
𝑞
2 	𝑉QL&L, 

(34) 

V.   APPLICATION 
In this section, the methodology previously presented, will 

be applied to design a direct-driven PMSG for a 10-MW wind 
turbine (see specifications given in Tab. 1). A wind speed 
profile of 4500 points (one point every 10 minutes), measured 
in the North Sea during one month, will be considered (Fig. 
4) [9].  

 
Fig. 4. Wind speed profile measured at the North Sea in January 

Tab. 1: Specification of the considered wind turbine 

Blade radius, 𝑅, 82 m 
Maximal power 10 MW 

Cut-in speed 2.5 m/s 
Rated speed 12 m/s 

Cut-out wind speed 25 m/s 
 

The speed and power profiles of the PMSG can be deduced 
from the wind speed profile and the specifications of the wind 
turbine, considering the four different operation modes [10] 
of the wind turbine as represented in Fig. 5.  

 

  
Fig. 5: Typical power curve and rotor speed of a pitch controlled 
wind turbine 

In the second region, between 𝑣$R,NLM and the rated speed 
𝑣0(,)!, the maximum power point tracking approach (MPPT) 
is adopted in order to maximize the captured power [11]. In 
the third region, the pitch angle is regulated to limit the turbine 

𝜃"#$

𝑷𝒎𝒈	𝒕𝑷𝒄 𝜃+

𝜃"#$ 𝜃"#$

𝑷𝒎𝒈	𝒚

ℛ+.

ℛ+/ ℛ0/

ℛ0.

ℛ1.

ℛ1/

ℛ2+ ℛ20

ℛ21

𝐶+ 𝐶0

𝐶1

1

2

3 4

𝑷
𝜃8

ℛ9.

ℛ9/

𝐶9

𝐿

𝛽#"0

𝑅=90

𝑅8>0

Material with conductivity 𝜆#"0, 
material density 𝜌#"0, specific heat 𝐶A

(a) (b)

𝜃8B.

𝜃8C.

− Rotor speed

Wind speed (m/s)

− Power curve

Region
1

Region 2

Region 3

Region 4

𝑣#$%&'( 𝑣#$%&)**𝑣+,%-.



 

 

 

output power. The rotor speed and the output power in this 
region are constants and equal to their rated values. Finally, 
the speed and torque profiles of the generator can be obtained 
and presented in Fig. 6. 
 

 
Fig. 6. Speed-torque profiles for the generator 

A.   Result  
The NGSAII algorithm is used to solve the two objective 

functions:  
 

 𝑀𝑖𝑛 j
< 𝑃,!" >87,

𝑀' = 𝑀$ +𝑀6)
 (35) 

 
Where 𝑀$ and 𝑀6) are respectively the mass of the copper 
and the mass of the iron which are calculated as below: 
 

 𝑀$ = 𝜋𝜏-.(𝑟1: − 𝑟/:)𝑘0𝑅S𝜌$ (36) 
 

 𝑀6) = 𝜋𝜏-.B(𝑟1: − 𝑟/:)𝑘, + 1 − 𝑟1:C𝑅S𝜌6) +⋯ (37) 
 

 +B(2𝑟/ + 𝑟1 − 1)𝑅 − 2𝑤(' − 2𝑤23C ×	…  
 

 × (1 − 𝑟1)𝜋𝜏-.	𝑅:𝜌6)  
 

The main constant parameters used for the optimization are 
summarized in Tab. 2. The total thickness sum of the air-gap 
and permanent magnets is chosen equal to 18 mm. The length 
to outer stator radius ratio is also fixed equal to 0.4. The 
optimization of these parameters, depending on the power 
electronics converter, not introduced in this paper, will not be 
discussed here.  
 

Tab. 2: Constant parameters 

Parameter Value 
𝜏-. 0.4 

𝑤(' +𝑤23 18 mm 
𝐵/(, 2 T 
𝑉QL&L, 5 kV 
𝑘(! 3 (0.3 mm Si.Fe) 
𝑘)$ 6.5x10-3 (0.3 mm Si.Fe) 
𝑘* 15 (0.3 mm Si.Fe) 
ℎ)" 10 W/m²k 
𝜃&(4 110°C 
𝜃(&5 20°C 
𝜌$ 8960 Kg/m3 
𝜌6) 7600 Kg/m3 
𝜌23 7450 Kg/m3 
𝐶7$ 390 J/Kg/K 

 
Considering magnetic and electrical constraints only, the 

optimization leads to the Pareto-front representing the optimal 
machines with different maximum permissible temperatures 
(Fig. 7). 

 
Fig. 7: Pareto-optimal front of optimal machines 

Tab. 3 summarize the optimal geometry of the optimal 
generator with a temperature of 110°C. The results are 
obtained by the use of the thermal constant data presented in 
Tab. 2. The optimal machine has a weight of 130 tons 
(including 7 tons of permanent magnets) and consume an 
average level of losses of 88kW over the considered cycle 
(leading to an efficiency of 98.5 %). The geometric 
parameters of the rotor such as thickness and arc of the 
permanent magnets has been set to obtain the optimal value 
of 𝐵+&	87,. The optimal d-q axis currents versus time are 
represented in the Fig. 8. It shows that the optimal values of 
the d-axis component are nonzero leading to a flux weakening 
mode in most working points. 
 

Tab. 3: Optimal generator 

Symbol Value 
𝑅 5.1 m 
𝑟/ 0.961 
𝑟1 0.986 
𝑝 49 
𝐵+& 1 T 
Mass 123 tons 

Average losses 88 kW 
𝑤(' 0.004 m 
𝑤23 0.014 m 
𝑏23 0.252 m 

 

 
Fig. 8: Evolution of the optimal d-q axis currents 

Fig. 9 and Fig. 10 show the flux densities and temperature 
over the cycle for the optimal machine. It shows that the 
constraints are respected. 

 



 

 

 

 
Fig. 9: Evolution of the maximum flux density in tooth of the optimal 
generator  

 
Fig. 10: Evolution of the temperature in the winding 
 

B.   Validation  
In this part, the results for the optimum generator will be 

validated by a 2D finite element analysis (FEA). Fig. 11 
shows the flux lines and the flux density in the machine at the 
maximum torque with the magnitude of current 𝐼& = 1.03𝑘𝐴. 
The maximum flux density, located in the teeth, is smaller 
than 𝐵/(,. 

 

 
 

Fig. 11: Flux lines and flux density at full load  

Fig. 12 represents the torque as a function of the current and 
Fig. 13 the waveform of the EMF. The results obtained with 
the FEA validate the analytical model used (see Tab. 4).  
 

Tab. 4: Maximum torque and EMF at 10 MW- 11rpm. 

 Analytical 
model FEA Variation 

Torque (MNm) 8.6 8.2 5% 
Magnitude of the EMF 

(1st harmonic) (kV) 2.31 2.29 1% 

 

 
Fig. 12: Variation of the torque versus current 

 
Fig. 13: EMF at 10 MW- 11rpm 

In order to validate the thermal model, the evolution of the 
temperature in the winding has been calculated considering a 
step of power (see Fig. 14) with  copper and iron losses in the 
yoke and tooth at full load, for 𝐼!!"#= 771A and 𝐼"!"#= -2 kA. 
The result (Tab.5) show that both the transient and the final 
temperature in the winding are in a good agreement.    
 
Tab. 5: Losses of the optimal generator at the maximal power 
(10MW, 1.03kA) 

 Analytical 
model FEA Variation  

Iron losses in the yoke 22 kW 30 kW -36% 
Iron losses in the teeth 32 kW 23 kW 28% 
Total iron of the stator 54 kW 53kW 2% 

Copper losses 62 kW 
 

 
Fig. 14: Evolution of the temperature in the winding at the maximal 
power 

VI.   CONCLUSION 
This paper has presented a general method allowing to 

design a PMSG from the torque and speed profiles made of 
several thousand working points. As shown in the paper, the 
optimization of the PMSG, with 4500 working points, has 
been successfully done in a few minutes. The 1-D model used 
has been validated by a 2D finite element analysis. As it was 
shown, the method allows to optimize the control parameters 



 

 

 

(via 𝐼8!(𝑡) and 𝐼8"(𝑡)) leading to optimize the flux 
weakening. The dynamic thermal behavior is also controlled, 
avoiding an oversizing of the machine in the case the 
permanent thermal regime is not reached. Finally, this 
approach with its quickness and simplicity, constitutes a first 
step toward a design optimization of the complete turbine 
system, including the power electronics components which 
will be discussed in future works.  
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