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Abstract—As the core component of energy conversion for 
large wind turbines, the output performance of doubly-fed 
induction generators (DFIGs) plays a decisive role in the power 
quality of wind turbines. To realize the fast and accurate design 
optimization of DFIGs, this paper proposes a novel hybrid-
driven surrogate-assisted optimization method. It firstly 
establishes an accurate subdomain model of DFIGs to 
analytically predict performance indexes. Furthermore, taking 
the inexpensive analytical dataset produced by the subdomain 
model as the source domain and the expensive finite element 
analysis dataset as the target domain, a high-precision surrogate 
model is trained in a transfer learning way and used for the 
subsequent multi-objective optimization process. Based on this 
model, taking the total harmonic distortion of electromotive 
force, cogging torque, and iron loss as objectives, and the slot 
and inner/outer diameters as parameters for optimizing the 
topology, achieve a rapid and accurate electromagnetic design 
for DFIGs. Finally, experiments are carried out on a 3MW DFIG 
to validate the effectiveness of the proposed method.① 

Index Terms—Doubly-fed induction generators, Accurate 
subdomain model, Surrogate-assisted, Transfer learning. 

I. INTRODUCTION 

HE doubly-fed induction motor, known for its flexible 
regulation characteristics and high reliability, is widely 

employed in wind turbines or variable-speed pumped storage 
units[1]-[3]. As the proportion of wind generation capacity in 
the grid is steadily increasing, ensuring power quality and grid 
security necessitates, higher performance and stability from 
doubly-fed induction generators (DFIGs) [4]-[6]. However, in 
the system coordinated-control debugging and multi-objective 
optimization, it is necessary to compare the output of a large 
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number of structural parameters, consuming a significant 
amount of computational time, which is not conducive to the 
design of motors [7]-[10]. Therefore, rapid design and 
optimization of DFIGs represent crucial research areas. 

Currently, electromagnetic design and optimization design 
for DFIGs primarily rely on finite element analysis (FEA), 
which offers high precision but consumes significant 
computing time, hindering the optimization of the structural 
parameters. Compared to FEA, accurate subdomain model 
(ASM) can significantly increase computation speed, 
especially in multi-objective optimization, improving the 
efficiency of DFIG design [11]-[15]. On the other hand, 
ASMs, based on Maxwell equations, can account for the 
impact of structural parameters on electromagnetic 
performance and possess greater versatility compared to 
equivalent circuits and magnetic circuits [16]-[17]. However, 
to facilitate ASM modeling, it is necessary to simplify the 
general solution of slot vectors using boundary conditions. 
The slots of the stator and rotor need to be equated to sector-
shaped slots parallel to the r-axis based on the principle of 
area equivalence. The ASM also can not consider the impact 
of local saturation. These assumptions will cause some errors 
in ASM results compared to FEA. Therefore, improvements 
and corrections are still needed for the ASM. 

Transfer learning is an effective method to correct the 
errors of ASM. By using a large number of ASM calculate 
results as the source domain and a small number of FEA 
results as the target domain, training a proxy model through 
machine learning can effectively improve the calculation 
accuracy of the analytical model. At present proxy models 
based on transfer learning have been applied in the 
optimization of the topological structure of permanent magnet 
motors [18]-[19]. In [20]-[22], torque optimization for multi-
phase permanent magnet synchronous motors is achieved 
through the complex conformal mapping methods and Latin 
hypercube methods. Furthermore, the use of transfer learning 
radial basis function neural network models effectively 
reduces the optimization difficulty of stress in high-speed 
motors. However, due to the lack of an analytical model for 
DFIGs that includes structural parameters, the dual-drive 
proxy model, which combines transfer learning and ASM, has 
not been effectively applied in the optimization. 

This paper introduces a dual-driven surrogate-assisted 
optimization model for DFIGs, based on ASM and transfer 
learning. The ASM results serve as the source domain data, 
while the FEA results serve as the target domain data in the 

T 
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transfer learning process, enhancing calculation accuracy for 
parallel slot structures. Based on the model, the optimization 
of structural parameters is carried out with the objectives of 
minimizing electromotive force (EMF) Total Harmonic 
Distortion (THD), iron loss and cogging torque. The structure 
of the paper is as follows: Section II establishes an ASM of 
the DFIGs for the magnetic flux density, EMF and loss 
characteristics of the generator. Section III establishes a 
transfer learning model to improve the optimization accuracy. 
Section IV calculates the electromagnetic characteristics of 
the generator based on the proposed model and verifies the 
high accuracy of the model. Section V proposes a dual-drive 
surrogate-assisted model for the DFIGs to carry out multi-
objective optimization of the motor structural parameters. 
Section VI conducts experiments by manufacturing prototypes 
and verifies the correctness of the analytical model. 

II. ESTABLISHMENT OF ASM 

A. Overview and Related Assumptions of ASM 
The ASM for DFIGs is established in a two-dimensional 

polar coordinate system (r, θ), which is depicted in Fig. 1. The 
parameters of the DFIG structures can be considered in the 
ASM. Since the DFIGs operate only under generation 
conditions, the input current of the stator winding is set as 0. 
The following assumptions are made to establish the model: 

1) The materials of the motor components are assumed to 
exhibit isotropic properties. 

2) The stator and rotor slots are equivalent to parallel ones 
according to the area equivalence principle, as shown in Fig. 2. 

3) The influence of saturation in both the stator and the 
rotor is neglected due to the considerable margin in large-
scale motor design. 

 
Fig. 1. ASM of DFIGs. 

 

 
Fig. 2. Equivalent of stator and rotor slots. 

B. Laplace Equation for DFIGs 
The DFIGs model is divided into three regions: stator slot, 

air gap, and rotor slot, as illustrated in Fig. 1. The windings of 
the stator and rotor are adopted double-layer structures. As the 
permeability of the stator and rotor cores is infinite, the 
interface conditions can be expressed as follows. 

The boundary conditions in jth/ith stator and rotor slot 
subdomain are: 
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where l, n, ν represent the harmonic order of the regions I, II, 
III respectively, AI0, AIl, ..., AIIIbν, BIIIbν are the unknown 
coefficients of each sub-region, and Jr is the magnetic flux 
density. βs, βr are the slot opening angles of the stator and 
rotor respectively. 

According to the boundary conditions of the interface 
between each region, the undetermined coefficient AI-BIII can 
be solved: 
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where H represents the magnetic field strength, and θj and θi 
represent the center positions of the stator and rotor slots, 
respectively. 

All of the Fourier series coefficients can be calculated from 
the equations and the radial and circumferential component of 
the air gap magnetic field distribution depends on the 
coefficients AIIn, BIIn, CIIn, DIIn. 
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C. Output Characteristic of DFIGs 
Based on the magnetic flux of each region, the EMF of 

DFIGs is: 
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where, Ns is the number of series turns per phase of stator 
winding. And the THD of stator EMF is: 
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where, Uf is the fundamental harmonic of stator voltage. fµ  is 

the order of harmonic. 
f

Eµ  is the value of each harmonic 

voltage. 

The cogging torque of the DFIGs can be deduced as: 
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where, Lef is the effective axial length. 0µ  is the vacuum 
permeability. 

The efficiency of DFIGs is affected by iron loss. In DFIGs, 
the iron loss is divided into stator iron loss and rotor iron loss. 
Due to the small slip, the magnetic field speed is close to the 
rotor speed, and the frequency of the magnetic field cutting 
the rotor is very low, which makes the rotor iron loss small. 
Therefore, the iron loss of stator is mainly analyzed. 

The iron loss can not be obtained by ASM because it is 
divided into tooth loss and yoke loss. In this paper, the 
average magnetic flux of tooth and yoke is commonly used. 
The magnetic flux in each component can be deduced from 
the vector potential of the two adjacent slots. 
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where, Ssolt is the area of one stator or rotor slot. 
The yoke magnetic flux be obtained by the magnetic flux in 

a pole pitch: 

ef st
y II

ef yoke 0

d
2

L R
B B

L h

τ

θ= ∫  (17) 

where, hyoke is the thickness of the yoke, τ is the pole pitch 
angle. 

Above all, in one electrical period, the average iron loss is 
estimated as follows: 
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where, Bm is the amplitude of magnetic flux density, f is the 
frequency, T is the electrical period, σ is the conductivity, Vg 
is the volume of the stator or rotor iron core, kh and ke are the 
coefficient of the hysteresis loss and excess loss, respectively. 
The loss coefficient is tested through soft magnetic platform, 
measuring core loss under various magnetic flux density and 
frequencies, subsequently allowing for the derivation of the 
iron loss coefficient through fitting procedures [23]. 

III. TRANSFER LEARNING MODEL 

Although the ASM significantly increases computation 
speed, the assumptions were made to simplify the model (in 
Section II A), which reduces the accuracy under some 
operating conditions. To improve the accuracy of the model, 
transfer learning is established. The results of the ASM serve 
as the source domain for the transfer learning model, which 
can correct these results. The flowchart for ASM and transfer 
learning is illustrated in Fig. 3. 

The transfer learning Support Vector Regression (TRSVR) 
is used to realize the transfer learning surrogate-assisted 
Model using FEA Data assisted by analytical model data. The 
optimization object of the TRSVR is expressed as [17]: 
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The coefficient R2 is used to analyze the regression effect. 
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The meaning of the parameters can be obtained from [17]. 

 
Fig. 3. The flowchart for ASM and transfer learning. 

IV. ELECTROMAGNETIC CHARACTERISTICS OF DFIG 

The electromagnetic characteristic of a 3 MW DFIG is 
calculated by the proposed transfer learning analytical model 
and compared with FEA results to verify the effectiveness. 
The main parameters of DFIG are shown in Table I. The FEA 
model is shown in Fig. 4. 

TABLE I 
MAIN PARAMETERS OF DFIG 

Parameters Value 
Rate power/MW 3 

Rate frequency/Hz 50 
Axial length/mm 3000 

Stator slots 36 
Stator outside diameter/mm 5000 
Rotor outside diameter/mm 4400 

Air gap length/mm 20 
Rotor slots 42 

 

 
Fig. 4. FEA model of DFIG. 

The magnetic flux density is analyzed under no-load 
operating condition in Fig. 4. 

According to the comparison of magnetic flux density, the 
error of single ASM results is obvious due to the model 
simplification. From Fig. 5(a), the effective value of the 
magnetic flux density obtained by ASM is slightly higher than 
that of the FEA. According to Fig. 5(b), there are errors in the 
harmonic content of the magnetic flux density at frequencies 
of 5, 17, 19, 23, and 25. 

The EMF and cogging torque of the generator are 
illustrated in Fig. 6 and Fig. 7. 

 
(a) 

 
(b) 

Fig. 5. Compare magnetic flux density in the air gap of DFIG. (a) Magnetic 
flux density. (b) Fourier decomposition of magnetic flux density. 

According to the calculation results, it can be observed that 
the trends of the analytical model and the FEA are generally 
similar, but there are certain errors in both the magnitude and 
harmonic content. In order to achieve rapid and accurate 
optimization of DFIG structural parameters, a transfer 
learning model is adopted to improve the accuracy of the 
analytical model. 
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Fig. 6. Compare the EMF of DFIG. 

 

 
Fig. 7. Compare the cogging torque of the DFIG. 

The iron loss, EMF THD, and cogging torque of DFIG are 
calculated and corrected using ASM and transfer learning 
models. The curves of the three with parameter changes are 
shown in Fig. 8 (taking the length of the air gap as an 
example). 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Compare the electromagnetic characters of the DFIG. (a) Iron loss 
curve with air gap length. (b) Cogging torque curve with air gap length. (c) 
THD curve with air gap length. 

According to the results, the errors of the electromagnetic 
performances are significantly reduced from about 12%-27% 
to 2%-4% by the transfer learning method. Especially in iron 
loss, due to the loss coefficient fitting, the result of ASM is 
with obvious errors about 40-50 kW. And the error can be 
reduced to about 2% after modification. Therefore, the 
transfer learning analytical model can improve the accuracy of 
the model and contribute to structural optimization. 

The impact of the target domain number on the calculation 
accuracy of the transfer learning analytical model is further 
analyzed, by increasing the number of target domains from 20 
to 100, and calculating the trend of the correlation coefficient 
R2, as shown in Fig. 9. 

 
Fig. 9. Correlation coefficient comparison when target data is increased. 

According to the results, in the initial stage, the accuracy of 
the model improved significantly as the number of target 
domains increased. However, when the number of target 
domains reached a certain level, the increment slowed down 
and gradually saturated. In engineering design, using too 
many target domains would waste computational resources. 
Above all, when the number of target domains exceeds 90, the 
precision of the three output parameters is essentially 
stabilized. Therefore, the target domain quantity set for this 
migration model is 90, effectively reducing computational 
costs. 

V. DUAL-DRIVEN SURROGATE-ASSISTED MODEL 

Based on the above transfer model analytical model, a dual-
driven surrogate-assisted model is established to optimize the 
structure of DFIG. NSGA-II is used as the optimization 
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function, and the output of the surrogate-assisted model is used 
as the evaluation function for the multi-objective optimization 
algorithm. The iron loss, EMF THD, and cogging torque are 
the objectives for the optimization of the structure parameters. 
The optimization flow chart is shown in Fig. 10. 

By setting the population size to 200 and the iteration 
number to 1000 in the NSGA-II algorithm, the Pareto frontier 
is obtained, as shown in Fig. 11. The optimal design 
parameters are selected according to the process limitation 
and practical requirements. 

The comparison table between the optimized parameters 
and the initial scheme is shown in Table II. 

 
Fig. 10. Optimization model flow chart. 

 

 
Fig. 11. Pareto frontier of the DFIG. 

TABLE II 
OPTIMIZATION MODEL 

Parameters Optimization Initial 
Split ratio 0.84 0.87 

Stator slot height/mm 158 150 
Stator slot width/mm 26.3 25.1 
Rotor slot height/mm 264 257 
Rotor slot width/mm 20.5 19 

Air gap/mm 18 17 
THD/(%) 2.1 4.26 

Cogging Torque/(kN·m) 3.147 4.3 
Iron loss/kW 122.6 164.8 

According to the results, it can be seen that the iron loss, 
EMF THD, and cogging torque of the optimized DFIG are 
reduced by 17.9%, 21.3%, and 38.9%, respectively, which 
proved the effectiveness of the analytical optimization model. 

VI. EXPERIMENTAL VERIFICATION 
To further verify the correctness of the dual-driven 

surrogate-assisted optimization model based on the transfer 
learning analytical model, a 3 MW DFIG optimized by the 
model was manufactured and experimentally validated. The 
stator and rotor of the prototype are shown in Fig. 12. The 
EMF THD and cogging torque characteristics of the DFIG are 
tested respectively, as shown in Fig. 13. 

 
Fig. 12. The picture of the prototype rotor and stator. 

 

 
Fig. 13. The EMF THD and cogging torque characteristics. 

The iron loss of the generator can not be measured directly 
by experimental method. Due to the slip frequency range less 
than 1 Hz, the magnitude difference between the rotor core 
iron losses and the stator core iron losses is significant, as 
shown in Fig. 14. Therefore, the rotor core iron losses can be 
neglected. Therefore, a loss separation method is used to carry 
out the iron loss of the DFIGs. The loss separation flow chart 
is shown in Fig. 15. 

The mechanical loss of the DFIG is divided into air friction 
loss and bearing friction loss, which are calculated by using 
the verified analytical model. The air friction loss is: 

1/2 1/2 5/2 3
air air air st ef3.87 πP k R Lη ρ ω=  (21) 

where, kair is the surface roughness coefficient of the rotor, ηair 
is the dynamic viscosity coefficient of air at one atmospheric 
pressure. 

The bearing friction loss can be obtained as: 
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where, kfb is the load factor, Mrotor is the mass of the rotor, f0 is 
the lubrication factor, v is the working viscosity, nfb is the 
bearing speed, and dm is the average value of the inner and 
outer diameters of the bearing. 
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Fig. 14. The stator and rotor iron loss of the DFIG. 

 

 
Fig. 15. Loss separation process. 

The copper loss of the DFIG is obtained by measuring the 
thermal resistance of the windings. Due to the unavailability 
of thermal resistance measurements for the prototype before 
optimization, the winding temperature of the two motors is 
calculated through FEA, and the temperature of the initial 
DFIG is obtained proportionally. Additionally, based on the 
change curve of winding conductivity, the copper losses of the 
initial DFIG are determined. 

Finally, the total loss of the motor is measured and the iron 
loss of the DFIG is separated. The experimental results of the 
iron loss are shown in Fig. 16. 

 
Fig. 16. Iron loss separation. 

According to the results, the experimental results are in 
good agreement with the calculated results of the proposed 
analytical model. Since iron loss is difficult to measure 
directly, there will be some errors in the iron loss experiment 
and calculation, which are acceptable. The EMF THD and 
cogging torque results are also highly accurate. Therefore, the 
experimental results verify the correctness of the transfer 

learning analytical model and the optimization model. 

VII. CONCLUSION 

The paper proposes a highly accurate and computationally 
efficient multi-objective optimization method for pitch-
controlled wind turbines based on ASM and transfer learning. 
By establishing an analytical model considering the structural 
parameters of the DFIGs, the computational efficiency for 
evaluating the performance of different electromagnetic 
schemes is improved. Transfer learning is employed to 
modify the output results of the ASM. The results indicate 
that transfer learning enhances the calculation accuracy. The 
effectiveness of the transfer learning model is validated by 
comparing it with FEA. Taking the stator iron loss, cogging 
torque, and EMF THD as targets, the structural parameters of 
DFIG are optimized, and a 3 MW prototype is fabricated for 
the experiment, thereby confirming the correctness of the 
optimization model. 

This model is not only applicable to the electromagnetic 
performance analysis and optimization of DFIGs but also 
demonstrates versatility by enabling the replacement of the 
DFIGs ASM with other structural motor models. It allows 
rapid calculations and optimization of performance for 
different motor types. Thus, the model exhibits strong 
generality. 
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