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Abstract: In recent years, due to the increase in electricity generation, the need for 
optimized Wound Rotor Synchronous Generators (WRSGs) has been felt more than 
ever. One of the important characteristics of a generator in a power system is its voltage 
harmonics. In addition to this, the amount of generated power and efficiency are also 
important. The goal of this research is multi-objective design using dampers, with 
improved number and shape. WRSGs have been selected as a case study. With the help 
of surrogate modeling and the PSO algorithm, which are more efficient and accurate 
than classical methods, the final design has been presented. In the end, the comparison 
of the initial and final designs shows the realization of all goals. Also, economic issues 
in terms of the selection of damper material have been investigated. 

Keywords: wound rotor synchronous generator (WRSG), multi-objective optimization, 
surrogate modeling, damper design, total harmonic distortion (THD). 

 

1  Introduction 

OUND Rotor Synchronous Generators (WRSGs) 
have rotor windings that offer distinct advantages, 

such as external control of rotor current through slip 
rings. Although, at first glance, this advantage may not 
seem significant due to its simplicity and general 
applicability, propelling WRSGs to the forefront of 
candidates for electricity generation, especially due to 
their ability to work over a wide range of angular 
velocities and generate voltage at the grid frequency [1]. 
In recent decades, the increasing demand for electrical 
energy [2], [3] has urged the engineering community to 
seek other types of generators alongside WRSGs, such 
as Permanent Magnet generators (PMGs) and Induction 
Generators (IGs), especially for low angular velocities 
[4] like those in wind turbines. Each of these three types 
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has its own set of advantages and disadvantages, which 
are detailed in Table I [5], [6].  

Harmonics that are not desired have significant 
negative effects on electricity systems; particularly in the 
context of WRSGs, they manifest as mechanical and 
electrical damages. Mechanically, harmonics 
periodically stress the generator shaft, which can lead to 
wear and a shortened lifetime for the generator over the 
long term. Electrically, harmonics distort the stator and 
rotor voltages, bringing about extra heating and losses, 
ultimately resulting in lower efficiency and functionality 
[7], [8]. In this regard, global standards have been set, 
and scholars are working to meet them by proposing 
effective harmonic mitigation methods [9], [10].  

The ideal condition is when the generator’s emf 
behaves purely sinusoidally; this is the final target of 
corrective measures such as distributed and short-slot 
windings [10]. However, what makes these measures 
somewhat disadvantageous is the complexity and cost 
they add to the generator, while also lowering the emf 
voltage. Damper cages within salient pole synchronous; 
these not only mitigate harmonics but also hinder 
transient voltage surges in unsteady loads. However, 
regular damper cages tend to higher rotor winding 
current, which is synonymous to higher losses [11]. To 
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address this challenge, different configurations have 
been suggested, such as radial and tangential, which 
simultaneously lessen the Total Harmonic Distortion 
(THD) of SG voltage and losses [12]. 

What is significant but has been neglected in other 
investigations until now is the wide effect of the damper 
cage on generator behavior; since all of them were under 
no-load conditions, which do not fully reflect the 
generator’s dynamics. Therefore, there is always a 
concern about the generator’s degradation functionally, 
which leads engineers to minimize harmonics rather than 
completely remove them, keeping the THD of no-load 
line-to-line voltage in the range of 2 to 3% [13].   

There is a lack of a design that can mitigate distortions 
with the least negative effect on generator operating 

conditions, and this study will try to address that as best 
as we can. Until now, a significant number of designs 
have been suggested in iterative form; each of them 
suffers from either a limited design set or long analysis 
times. Surrogate modeling could strike a balance in this 
regard and handle different objectives and limitations 
that were previously not gathered. In addition to model 
selection, method and algorithm selection are also 
central to this work, as they significantly affect the 
results of an iterative design. In the following study, we 
will first outline the design data for the WRSG; then, we 
will investigate load conditions, design goals, the chosen 
algorithm, sensitivity analysis, and the effect of 
materials to find the best available design. Finally, the 
first and final designs will be weighed against each other 
electrically.

 
 Comparison of Different Generator Topologies 

Disadvantages Advantages Generator Type 
• An AC-DC-AC power conversion system is essential 
• A multipole configuration is preferred for direct-drive generators 
• Medium power density 
• High cost 

• Maximum speed range 
• Gearless Operation 
• Precise Control of Reactive and Active 

Power 
• Low THD 
• High efficiency 

 

Synchronous 
Generator 

• Gearboxes are an essential component  
• Power conversion system is indispensable 
• Cannot control power factor 
• Medium efficiency 

 

• Brushless 
• High power density 
• Maximum speed range 
• Medium cost 

Induction 
Generator 

• Permanent magnets are essential 
• An AC-DC-AC power conversion system is essential 
• Risk of demagnetization 
• High cost for rare earth PMs 

• Gearless Operation  
• High power density 
• Low THD 
• High efficiency 

Permanent 
Magnet 
Synchronous 
Generator 

 

2 Case Study Design 

Design of a WRSG is a set of different concerns that 
should be considered, ranging from magnetic field 
generation to terminal voltage. The responsibility for 
magnetic field generation lies with the rotor field 
windings, which are fed with DC excitation. This leads 
to a rotary magnetic field that interacts with the armature 
windings to generate AC voltage. In this regard, the 
voltage of a WRSG can be written as below: 

𝐸𝐸 = 4.44 × 𝑓𝑓 × 𝑁𝑁 × 𝜙𝜙  (1) 

where 𝑓𝑓, 𝑁𝑁, and 𝜙𝜙 are frequency (Hz), the number of 
stator winding turns, and magnetic flux (Wb), 
respectively. In other words, the calculation of stator 
winding turns in relation to the voltage is core to WRSG 
design. Moreover, providing a uniform magnetic flux 
distribution to minimize voltage harmonics has a 
dependency on the stator winding configuration as well 
as the rotor configuration. Optimizing the airgap flux 
distribution and taking advantage of multi-layer 
windings offer us benefits in line with THD 

minimization. If the airgap between the rotor and stator 
is chosen to be large, it is synonymous with higher 
magnetic losses and lower efficiency. On the other hand, 
a small airgap increases the risk of an early downturn. 
Large magnetic flux density means higher magnetic 
losses and a higher risk of magnetic saturation. In this 
regard, the design data for the investigated generator is 
shown in Table 2, while Fig. 1 shows its geometry, flux 
lines, and flux density. To account for the generator’s 
dynamics in the redesign, it has been investigated under 
full-load conditions with a triangular load of 90 ohms, as 
shown in Fig. 2. To determine the optimal damper cage 
configuration that minimizes Total Harmonic Distortion 
(THD) while maintaining the generator’s performance 
near its design targets, a one-at-a-time sensitivity 
analysis was performed. As illustrated in Fig. 3, different 
numbers of damper bars were evaluated to assess their 
impact on THD and output power. A trade-off was made 
between achieving low THD and preserving the desired 
power output. Based on this analysis and practical 
prototype constraints, the final selection was made, and 
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8 damper bars were identified as the most suitable 
configuration. 

 Technical data of the investigated WRSG. 

Value Unit Designed Parameters 
3 - Number of Phases 
6 - Number of Rotor Poles 
72 - Number of stator Slots 
1000 RPM Rated Speed 
90 A Dc Current 
2 - Winding Layers 
40 mm Pole Tip Depth 
750 mm Stator Outer Diameter 
530 mm Stator Inner Diameter 
74 % Slot Fill (field) 
30 % Slot Fill (Armature) 
548 mm Stator Stack Length 
M350-50A - Lamination 
100 mm Pole Depth 

 

 

 

 
(a) (b) 

 The initial design of the investgated generator (a) 
geometry, and (b) flux lines, and flux density. 

 

 
 Three-phase star resistive load of 90 ohms. 

 
 One-at-a-time sensitivity analysis of number of 

dampers. 

3 Multi-Objective Optimization Algorithm 

Our goal is a multi-objective redesign, leveraging 
surrogate modeling and the PSO algorithm due to its 
proficiency and collective intelligence in global search 
[14]. In this regard, our primary objectives are output 
power, efficiency, and phase terminal voltage THD. Our 

desires include improved output voltage profile, 
stabilized efficiency, and prevention of drastic output 
power drop resulting from corrective measures for 
voltage THD minimization. The detailed steps of the 
proposed multi-objective redesign are as follows, as 
shown in Fig. 4. 

 
 The detailed steps of the proposed multi-objective 

redesign. 

3.1 Correlation Analysis and Design of Experiment 
(DOE) 

The accuracy of correlation analysis is highly 
dependent on the number of designs. Therefore, Latin 
Hypercube Sampling (LHS) is the preferred sampling 
method due to its merits [15]. This sampling method 
ensures that the selected samples cover a broad design 
space, leading to more accurate optimization. After 
generating a satisfactory Design of Experiments (DOE) 
with 960 designs, the correlation, which measures the 
linear relationship between two variables with values 
between -1 and 1 [16], was extracted using the DOE and 
the results of the Finite Element Analysis (FEA). This is 
shown among the six variables in Fig. 5 and Table 3.  

 

 
 Six design variables: four are related to the damper, 

while the other two variables are related to the shape of the 
pole tip. 
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 Variables of the geometry optimization. 

Optimization 
Variables No. Unit Min Max Optimum 

Value 

Damper Bar Depth 1 mm 0.1 2.5 2.46 

Damper Bar Diameter 2 mm 2 10 9.55 

Damper Bar Opening 3 mm 0.1 2.5 1.82 

Damper Bar Pitch 4 Edeg 140 210 174.64 

Pole Tip Depth 5 mm 30 45 30.06 

Pole Tip Radius 6 mm 0 20 11.7 

 

Of these six variables, four are related to the damper 
geometry to find the optimal form, while the other two 
variables are related to the shape of the pole tip. As 
depicted in Fig. 6, most of these variables have a 
significant effect on the generator's operating condition 
and are complementary to each other. 

 
 Correlation Analysis between generator optimization 

objects and design variables. 

3.2 Surrogate Model 
Given the complexity of the WRSG design problem—

characterized by a high number of design variables and 
multiple conflicting objective functions, performing 
direct optimization using computationally expensive 
FEA for every design iteration becomes impractical [17]. 
To overcome this challenge and reduce computational 
costs, a surrogate modeling approach is adopted. This 
method establishes an approximate mathematical 
relationship between design variables and objective 
functions, enabling rapid prediction of system 
performance without resorting to full-scale simulations. 

To construct the surrogate model, an optimized DOE 
obtained from the earlier stage is used. Among the 
available techniques, Anisotropic Kriging is selected due 
to its superior accuracy compared to standard Kriging 
and Response Surface Methodology (RSM), while 
maintaining lower complexity than Artificial Neural 
Networks (ANN) [18]. Anisotropic Kriging is 
particularly effective in cases where the response is 
influenced differently along various input directions. 
Unlike classical Kriging, which assumes an isotropic 
variogram, treating all directions equally, anisotropic 

Kriging allows the variogram to vary by direction, 
capturing directional trends in the data more accurately. 
This modelling approach introduces a unique variogram 
for each direction by considering both the magnitude and 
orientation of variable influences. As a result, it better 
captures the complex, multi-dimensional behavior 
present in WRSG performance metrics. The covariance 
structure between any two data points in the input space 
is central to Kriging-based models and is mathematically 
expressed by Eq. 2, which defines the correlation based 
on the spatial distance and direction between points. By 
leveraging anisotropic Kriging, the surrogate model in 
this study efficiently supports the multi-objective 
optimization process, enabling accurate performance 
prediction with reduced reliance on high-fidelity 
simulations. Theoretical details and derivations of both 
classical and anisotropic Kriging can be found in [4], 
and this work further builds on those foundations for 
application in electrical machine design. 

Cov (𝑥̅𝑥′, 𝑥̅𝑥′′): = 𝜎𝜎 − 𝛾𝛾(𝑥̅𝑥′ − 𝑥̅𝑥′′) (2) 

In classical Kriging, only the magnitude of (𝑥̅𝑥′ −
𝑥̅𝑥′′) is considered. The anisotropic approach begins by 
estimating empirical directional variograms. To 
determine the i-th directional variogram, all point pairs 
(𝑥𝑥1, 𝑥𝑥2) are collected from the dataset such that the 
vector (𝑥𝑥2 − 𝑥𝑥1) lies approximately parallel to the i-th 
coordinate axis. This condition is enforced by the 
following constraints. 

(𝑥𝑥2 − 𝑥𝑥1)𝑗𝑗 < 𝜆𝜆(𝑥𝑥2 − 𝑥𝑥1)𝑖𝑖 (e.g., 𝜆𝜆−1 = 2 ×
number of input variables), (3) 
(𝑥𝑥2 − 𝑥𝑥1)𝑗𝑗 < 𝑀𝑀 

where M is a tolerance threshold ( 
 𝑀𝑀 = max𝐿𝐿𝐿𝐿𝐿𝐿−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

10
). After identifying these directional 

classes, an experimental directional variogram is 
constructed in the same way as in ordinary Kriging, 
without subclass grouping. The entire set of directional 
variograms is then fitted using the Levenberg–Marquardt 
procedure. For computational simplicity, a single 
variogram model is ultimately adopted across all 
directions, albeit with distinct ranges for each. In simpler 
terms, anisotropic Kriging models the variogram as a 
function of both distance and direction. This approach 
enhances both the accuracy and flexibility of the model 
using directional variograms and accommodates a 
broader range of variogram behaviors. However, this 
improvement comes at the cost of increased model 
complexity due to the necessity of analyzing directional 
dependencies. 

In the modeling process, 20% of the data is used for 
validation, and 80% is used for training the model. The 
accuracy of the created model is of utmost importance; 
hence, it is necessary to validate it. For this purpose, two 
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parameters, 𝑀𝑀𝑀𝑀𝑀𝑀 and 𝑅𝑅2, are used. The meaning of 
these parameters is as Eqs. 4 and 5. 

𝑀𝑀𝑀𝑀𝑀𝑀 = 1
𝑚𝑚
∑𝑖𝑖=1
𝑚𝑚  |𝜀𝜀𝑖𝑖|/(𝑦𝑦max − 𝑦𝑦min)  (4) 

𝑅𝑅2 = 1 −∑𝑖𝑖=1
𝑚𝑚  𝜀𝜀𝑖𝑖2/∑𝑖𝑖=1

𝑚𝑚  (𝑦𝑦𝑖𝑖 − 𝑀𝑀)2  (5) 

The closer 𝑀𝑀𝑀𝑀𝑀𝑀 is to zero and 𝑅𝑅2 is closer to one, the 
higher the accuracy. Table 4 shows the evaluation of the 
surrogate models, and Fig. 7 shows the RSM distance 
for three functions, indicating that the data related to the 
surrogate model matches the FEA data with good 
accuracy during the model evaluation phase. Higher 
accuracy implies a greater similarity between the results 
of the optimization algorithm and FEA. 

 Accuracy assessment of the trained Surrogate 
Models. 

𝑹𝑹𝟐𝟐 MNE Objective and Constraint 
0.993 1.43e-2 System Efficiency 
0.993 1.21e-2 Output Power 
1 4.53e-2 THD Phase Terminal Voltage 

 

 
(a) 

 
(b) 

 
(c) 

 The RSM distance for three functions, indicating that 
the data related to the surrogate model matches the FEA data 

with good accuracy during the model evaluation phase. 

3.3 PSO Algorithm 
In this design, a maximum of 3000 designs and 

generations were considered. After generating 3000 

designs, 89 were found to be unfeasible. Among the 
feasible designs, 321 were identified as part of the Pareto 
front. This demonstrates the high capability of the 
algorithm and justifies its use. In the next step, after the 
algorithm generates 321 Pareto fronts, to increase the 
accuracy in selecting the optimal design, the multi-
objective optimization problem is transformed into a 
single-objective optimization problem using Eq. 6. 

As shown in Eq. 6, the coefficients 𝑐𝑐1, 𝑐𝑐2, and 𝑐𝑐3 are 
the weight coefficients of the optimization function, 
which are determined based on the importance of the 
function. In this optimization, due to the higher 
importance of the voltage harmonics function, it has 
higher weight coefficients. The goal is to find the 
minimum point of the function 𝐹𝐹. Ultimately, the 
optimal design is identified using this method. Design 
number 257, among the 321 designs, is the optimal 
design, and the values of the variables obtained from the 
optimization algorithm are presented in Table III. 
Additionally, Fig. 8 shows the plot of the function 𝐹𝐹, 
which clearly demonstrates the optimality of the found 
design. 

 
(a) 

 
(b) 

 
(c) 

 The plot of the function 𝐹𝐹, which clearly 
demonstrates the optimality of the found design. 
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3.4 Verifying using Finite Element Analysis 
One of the significant characteristics of this proposed 

optimization method is the extremely close agreement 
between the values obtained from the optimization 
algorithm and the results from the FEA. To validate this 
claim, the results from FEA and the algorithm are 
compared in Table 5. The presented results provide 
evidence supporting the accuracy of the proposed 
optimization method. 

 The comparison between the costs of the initial and 
final designs. 

Initial Design Optimized Final Design Parameters 
475.7   Kg 449.6 Weight Rotor Lam 
0 24.26 Weight Damper Cage  
3,329.9 3,317.02 Total Costs 

4 Performance Assessment 

In this section, the optimized generator is compared 
with the initial design (without a damper) under the 
same load and conditions, using the optimized variable 

values obtained from the previous section. The overall 
geometry and 3D shape of the optimized rotor, along 
with the flux density distribution, are shown in Fig. 9. 
The overall comparison results of the two designs are 
presented in Table 6.  

 The overall comparison results of the two designs: 
initial and optimal 

Optimization 
Objective Unit 

Value 

Algorithm 
Optimized 

Final 
Design 

Initial 
Design 

System 
Efficiency % 95.56 95.53 95.9  

|Output 
Power| Kw 199.54 199.78 210.51 

THD Phase 
Terminal 
Voltage 

% 4.76 4.72 14.14 

 

 
 The radial flux density in the air gap and the terminal voltage output of the generator along with an analysis of its odd 

harmonics. 
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𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑐𝑐1 × 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

+ 𝑐𝑐2 × 𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑇𝑇𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

+ 𝑐𝑐3 × 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

  (6) 
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4.1 Terminal Voltage Harmonics 
As mentioned, the output voltage harmonics have a 

very detrimental impact on the power system and 
generator. Magnetic harmonics that occur in the air gap 
of the generator are caused by the deviation of the ideal 
sinusoidal magnetic flux in the air gap. This deviation is 
due to mechanical design, non-uniform air gap, and the 
presence of current harmonics, and harmonics with 
frequencies that are multiples of the fundamental 
frequency (odd harmonics such as the third, fifth, and 
seventh harmonics) appear in it. The generator output 
voltage is produced based on Faraday's law from the 
changes in magnetic flux. Therefore, a new scenario has 
been adopted to reduce voltage harmonics, in which by 
optimizing the dimensions of the rotor bar, undesired 
harmonics in the radial flux density spectrum in the air 
gap are reduced, and consequently, the output voltage 
harmonics are also reduced. Fig. 10 shows the radial flux 
density in the air gap and the terminal voltage output of 
the generator along with an analysis of its odd 
harmonics. According to Fig. 10, it can be concluded 
that the adopted scenario was true, and by properly 
optimizing the geometric structure of the rotor without 
manipulating the stator structure and excitation, air gap 
harmonics have been reduced, and consequently, voltage 
harmonics have also been significantly reduced. As 
claimed, reducing the generated harmonics has also 
improved the mechanical behavior of the generator. The 
maximum stress on the rotor lamination in the optimized 
state is 28.78 megapascals, whereas in the initial design, 
this value was 34.27 megapascals. This indicates an 
increase in the safety and reliability of the improved 
generator [14], [15], [16]. 

 
(a)                                         (b) 

 

 
(c) 

 The overall (a) geometry and (b) flux density 
distribution, along with the (c) 3D shape of the optimized rotor. 

4.2 Efficiency and Output Power 
To calculate efficiency, all core and winding losses 

were determined. The stabilized value, along with an 
output power of 200 kW as indicated in Table 6, 
suggests low losses and satisfactory output power. 

4.3 Analysis of Cost Changes and Usage of Brass (70% 
Cu, 30% Zn) 

One of the critical factors in constructing power 
generators is cost. This section compares the cost 
variations between the optimal and initial designs. 
Before this comparison, it's important to note that the 
material of the dampers is crucial. Therefore, factors 
such as cost, weight, and appropriate output were 
considered when selecting the material. In this study, 
pure copper and brass (70% Cu, 30% Zn) were 
considered. By comparing the output of dampers made 
of copper and brass, it was observed that efficiency, 
power, and voltage harmonics differed very slightly. 
Therefore, for comparison, cost and weight must be 
considered. According to references [19], [20], the price 
per kilogram of copper is $9.6 and the price per 
kilogram of brass (70% Cu, 30% Zn) is $7. The weight 
of the damper cage under copper is 25.04 kg, and under 
brass, it is 24.26 kg. Therefore, the total cost of brass is 
less than pure copper. Finally, Table VI compares the 
costs of the initial and final designs. In this comparison, 
the price per kilogram of M350-50A is $7, according 
to[20]. This comparison shows that the improved design, 
despite the addition of dampers, has also improved in 
terms of cost. 

4.4 Mechanical Anslysis 
Mechanical analysis is essential for optimal 

performance and preventing failures in WRSG systems. 
One of the challenges of adding a damper to the WRSG 
structure is the increased stress applied to the rotor 
lamination. Therefore, this paper aims to control these 
stresses by employing an appropriate optimization 
method and selecting suitable optimization variables. 
Due to the presence of non-idealities and oscillations in 
the electric machine's output torque (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜), the resulting 
forces can be determined by solving the system's 
governing dynamic equations. These forces primarily 
appear in two forms: shear stress and axial stress. Given 
that 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 is directly transmitted by the rotor, the rotating 
component of the electric machine, all stress analyses 
focus on the rotor. In the nonlinear (plastic) region, 
beyond the yield point, the induced stress is typically 
defined as the applied force per unit area, as represented 
in Eq. 7. 

𝜏𝜏 = 𝐹𝐹 𝐴𝐴⁄  (7) 
where F represents the applied force, A denotes the 
contact area, and τ signifies the resulting stress. As 
illustrated in Eq. 8, the force is directly influenced by the 
rotor's angular velocity and mass, as well as the 
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eccentricity percentage. Consequently, as the angular 
velocity increases, the average stress value exhibits an 
exponential growth trend. 

𝐹𝐹 = 𝑚𝑚𝑚𝑚𝜔𝜔2 (8) 
Here, m represents the mass, e denotes the eccentricity 

percentage, and ω is the rotor's angular velocity. Due to 
manufacturing uncertainties in electric machines, a 
certain degree of eccentricity is always present in the 
rotor. As a result, the forces, stresses, and vibrations of 
the machine can be analyzed under normal operating 
conditions. Beyond the nonlinear stress region, in the 
linear region, stress can be expressed as the ratio of the 
applied force to the corresponding area, as defined in Eq. 
7. Alternatively, the yield stress can be formulated in Eq. 
9 based on its dependence on Young’s modulus of two 
designs and the applied tension. Consequently, different 
values of Young’s modulus result in varying yield 
stresses. 

𝜎𝜎 = 𝐸𝐸𝐸𝐸 (9) 
where, E is Young's modulus, ε is tension, and σ is yield 
stress. Incorporating a damper into the WRSG system 
was initially expected to increase the mechanical stress 
exerted on the rotor. However, through precise 
optimization and the careful selection of key parameters 
and methodologies, not only was the maximum stress 
prevented from rising, but it was effectively reduced, as 
shown in Fig. 11. This outcome highlights the 
significance of an optimized design approach in 
mitigating mechanical stress while maintaining system 
stability and performance. 

 

 
(a) 

 
(b) 

 Von mises stress of the rotor (a) initial (b) optimized. 

It is observed that the inclusion of damper bars does 
not lead to an increase in the von Mises stresses of the 
rotor. This outcome can be explained by the fact that the 
dominant contributor to the mechanical stresses is the 
centrifugal force generated by the rotor body and field 

winding mass. The damper bars, in contrast, constitute 
only a small portion of the total rotor mass and are 
mechanically embedded into the pole body or rotor slots, 
where they remain well supported. Their orientation is 
largely aligned with the direction of the principal 
stresses, which minimizes the introduction of additional 
stress concentrations. Consequently, while the damper 
bars strongly influence the electromagnetic and dynamic 
behavior of the machine, their contribution to the static 
mechanical stress state of the rotor is negligible, 
resulting in no significant change in the von Mises stress 
distribution. 

4.5 Thermal Analysis 
Thermal analysis of electrical machines can be carried 

out using various methods, with the most common being 
the Lumped Parameter Model (LPM), Finite Element 
Analysis (FEA), and Computational Fluid Dynamics 
(CFD). Each of these techniques has its own strengths 
and limitations. CFD offers detailed modeling of fluid 
flow and heat transfer, making it highly accurate for 
studying complex cooling mechanisms, but it requires 
significant computational resources and time. FEA 
provides high spatial resolution for analysing 
temperature distribution across components and is 
especially effective for validating thermal gradients and 
hot spots, although it also tends to be computationally 
intensive [21], [22]. In contrast, the LPM is a low-order 
thermal network model that simplifies the machine into 
interconnected thermal resistances and capacitances, 
offering much faster simulation times while still 
capturing the dominant heat transfer paths. This makes 
LPM especially suitable for early design stages, iterative 
optimization, and system-level studies where 
computational efficiency is critical [23]. 

In this study, both LPM and FEA were used to 
evaluate the thermal behavior of the WRSG under 
nominal load and steady-state conditions. The LPM 
approach modeled major components, such as stator 
windings, stator and rotor cores, shaft, and air gap, as 
thermal nodes connected through conduction and 
convection paths. Key heat sources included copper 
losses in the windings, iron losses in the magnetic core, 
and eddy current losses in the damper. Each node’s 
temperature was determined using corresponding 
thermal resistances, capacitances, and power losses. To 
ensure accuracy, a steady-state thermal FEA simulation 
was also conducted, offering a more detailed spatial 
temperature distribution across machine components. 
The results of both methods were compared, and good 
agreement was observed between the LPM and FEA 
outcomes, validating the reliability of the simplified 
model.  

The results indicate that the modified design illustrated 
a temperature reduction in key areas: stator winding 
average (from 87.3 °C to 78.5 °C), stator winding 
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hotspot (from 108.6 °C to 105.5 °C), field winding 
hotspot (from 119.6 °C to 116.0 °C), and rotor pole 
(from 100.3 °C to 97.0 °C). The detailed temperature 

distributions are shown in Fig. 12 (LPM) and Fig. 13 
(FEA). 

 

 
(a) 

 
(b) 

 The LPM temperature analysis of the WRSG (a) initial (b) optimized. 

 
 The FEM temperature analysis of the WRSG (a) initial (b) optimized.  

(a) (b) 
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5 Future Works 

Future studies will focus on extending the present 
analysis in two main directions. First, the influence of 
damper bars on transient torque during fault conditions, 
particularly under short-circuit scenarios, will be 
investigated to better understand their role in mitigating 
electromechanical stresses and enhancing rotor stability. 
Second, additional parametric studies considering 
variations in damper bar geometry and configurations 
will be carried out to evaluate their impact on both 
mechanical stress distribution and electromagnetic 
performance. Together, these efforts will provide a more 
comprehensive understanding of damper bar design 
trade-offs in electrically excited synchronous generators. 

6 Conclusion 

In this study, a WRSG was proposed for use in a 
power system that satisfies mechanical constraints. To 
achieve a voltage with lower harmonics, dampers were 
added. However, it is noted that incorporating classical 
dampers typically leads to significant efficiency and 
power losses. The damper proposed in this work, which 
includes notches between the damper and the air gap, 
optimized the structure and overcame these drawbacks. 
During the multi-objective optimization stage, a 
correlation analysis highlighted the significant influence 
of the damper's shape and dimensions. Using surrogate 
modeling, combined with efficient time and accuracy 
based on MNE and R^2 criteria, along with the PSO 
algorithm, the final design was determined. The 
mechanical analysis showed that the proposed damper 
design effectively minimized the maximum stress 
applied to the rotor lamination, thereby improving the 
generator's structural reliability. Thermal analysis, 
considering both steady-state and overload conditions, 
confirmed that the temperature rise under both normal 
and transient loads remained within safe limits. This 
comprehensive approach verified the performance, 
thermal stability, and structural integrity of the WRSG. 
Furthermore, an investigation into the damper materials 
revealed that brass, while lighter and cheaper than 
copper, provided performance comparable to the initial 
design without a damper, with no significant difference 
in generator efficiency, power output, or harmonic 
reduction. 
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