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With the increase of hydro generators capacity and unit size, the requirement of lightweight is prominent. 
Taking a mixed-flow hydro generator as the research objects, the strength, the stiffness and the dynamic 
characteristics of upper bracket, stator frame, lower bracket and head cover have been simulated and 
analyzed by means of establishing their finite element models. Based on sizing optimization design me-
thod, plate thicknesses of the main parts were selected as the design variables, and strength and stiffness 
were taken as the constraint conditions to optimize them with the minimum mass as the objective 
function. Through lightweight optimization design, the maximum normal stress and maximum displa-
cement of the optimized main parts are within the allowable value range, modal analysis shows that their 
dynamic characteristics meet the requirements. The lightweight optimization design reduced the weight 
of hydro generator by 3457kg in total. Optimization effect evaluation under full load operation and site 
test between the original and improved hydro generator set show that the dynamic characteristics are 
improved and the performances meet the design requirements.  
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 Introduction 

Hydropower is the preferred power generation 
mode in most countries. Compared with thermal 
power, nuclear power, solar power and wind power, 
hydropower has the advantages of green, renewable 
and low cost. With the increase of water turbine capa-
city and unit size, water turbines are developing 
towards high water head, large capacity and structure 
lightweight [1]. There has been some progress in 
structural optimization design and dynamic characte-
ristics analysis of water turbine and its components in 
recent years. The structural optimization design is ma-
inly proceed with the shape, strength and stiffness of 
the corresponding parts [2-4]. Li Wei et al. [5] calcula-
ted the temperature field and stress field of hydroge-
nerator stator by using finite element method, and 
analyzed the reason for outer-movement of stator 
core laminated sheets under the action of electromag-
netic tension. Based on traditional machine design me-
thod and the mechanical reliability design method, Qi 
Xueyi et al. [6] designed and calculated water turbine 
head cover, the comparison and analysis of the two 
methods are described. Zhao Daoli et al. [7] applied 
finite element method to analyze the strength of the 
water turbine runner and proposed two design 
schemes to improve the stress of runner blade. Shao 
Guohui et al. [8] improved the design for flow passage 
components (spiral case, draft tube, runner etc.) of 
water turbine through CFD analysis, the analysis and 

test data meet the requirements of hydraulic design pa-
rameters. For the dynamic characteristics, the natural 
frequencies and vibration modes of structures are ma-
inly analyzed, by increasing the lower-order natural 
frequencies, structural resonance is suppressed to 
avoid excitation frequencies [4, 9]. Yuan Xiaoming et 
al. [10] established the coupling model of stator, rotor 
and upper bracket of hydro generator, analyzed natu-
ral frequency and harmonic response of the model, 
and obtained the influences of the stiffness of rib and 
jack on the vibration amplitude. The above studies are 
mainly concerned with structural optimization design 
and dynamic performance analysis of water turbine 
parts, and there are relatively few researches on 
lightweight optimization designs.  

Taking a mixed-flow hydro generator in an electri-
cal machinery plant as the research objects, its assem-
bly diagram is shown in Fig. 1. The upper bracket, sta-
tor frame, lower bracket and head cover are the main 
pars of hydro generator, in addition to meeting opera-
tional performance in structure design, the structural 
lightweight optimization should also be realized under 
the requirement of ensuring strength, stiffness and dy-
namic characteristics. According to the actual size and 
working conditions of upper bracket, stator frame, 
lower bracket and head cover, their finite element mo-
dels are established respectively, and the dynamic cha-
racteristics are simulated and analysed [11-14]. Based 
on structure sizing optimization design method [15-
17], plate thicknesses of upper bracket, stator frame, 
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lower bracket and head cover are selected as the de-
sign variables, and the two design indexes of strength 
and stiffness are taken as the constraint conditions to 

optimize them with the minimum mass as the ob-
jective function.

 
Fig. 1 Assembly diagram of hydro generator set 

 Lightweight optimization design of upper 
bracket 

 
1-Baseplate   2-Vertical rib   3-Lower radial plate   4-Mid-
dle radial plate   5-Upper radial plate   6-Upper ring   7-

Middle ring   8-Lower ring   9-Lower housing   10-Facing 
plate   11, 13-rib plate   12-Upper housing 

Fig. 2 Structure diagram of upper bracket  

The upper bracket is made of carbon structural 
steel with different thickness. The structure diagram is 
shown in Fig. 2, which is mainly composed of upper 
ring, middle ring, lower ring, housing, radial plate, rib 
plate and baseplate.  

The upper bracket is a complex structure of plate 
box body. As three-dimensional triangular shell ele-
ment can be accurately classified complex three-di-
mensional structures, it is composed of plane stress 
membrane element and plate bending element, thus 
bending and shear force can be transferred, its mecha-
nical characteristics are closer to force status of the 
upper bracket. Therefore, three-dimensional triangu-
lar shell element is used as element of finite element 
model for the upperer bracket structure. The entire fi-
nite element model consists of 870 elements, 440 
nodes, and 2640 degrees of freedom.  

In calculation the load of the upper bracket, the 
load acting on the wear-resisting plate by the thrust 
end of the rotor under normal working conditions is 
considered [12]. 

Based on sizing optimization design principle [15-
17], in the lightweight optimization design of upper 
bracket, considering that the overall structure size, 
such as the installation and mating dimensions cannot 
be changed, 8 kinds of plate thicknesses 

1 2 8
T[ , , , ]x x x= ×××X  of upper bracket are selected as de-

sign variables, as shown in Tab. 1. The mass of upper 
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bracket W( )X  is taken as the objective function of 

optimization design. 
With conforming to stress and deformation of up-

per bracket as the constraint conditions, namely, the 
maximum stress and the maximum displacement of 
nodes in each element group of the structure are less 
than allowable values, that is 
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In above equation, [ is ] is allowable stress of ele-
ment group i, [ jd ] is allowable displacement of node 

j.  Then, the mathematical model of lightweight opti-
mization design is obtained as 
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According to the mathematical model, with the ob-
jective of lightweight design and conforming to stress 
and deformation as the constraint conditions, the up-
per bracket structure is analyzed and calculated by us-
ing the compound form method with optimization it-
eration. The compound form method is developed 
from simplex method, which overcomes the dimen-
sionality reduction of easy to occur in simplex method, 
its shape does not need to keep regular form, and there 
is no special requirement on the properties of objec-
tive function and constraint conditions. Every time 
the shape of the compound shape is changed, it is 
closer to optimum. After repeated iteration until the 
best approximation, the lightweight optimization re-
sults are obtained, as shown in Tab. 1. 

The maximum stress, maximum displacement and 
natural frequencies for original and improved finite 
element model under loads are analyzed and calculated 
respectively. The comparative results are shown in 
Tab. 2.

Tab. 1 Optimization design results of upper bracket 

Design variable Parts name Original value/mm 
Optimal standardized 

value/mm 
1x  Upper ring 40 30 
2x  Upper housing 20 12 
3x  rib plate 30 20 
4x  Upper radial plate 25 16 
5x  Baseplate 40 30 
6x  Lower radial plate 20 16 
7x  Lower ring 40 20 
8x  Lower housing 20 16 

Tab. 2 Comparison of dynamic characteristics of upper bracket 

Performance parameter Original model Optimized model 
Maximum displacement/mm 

Node number 
0.22 
193 

0.33 
224 

Maximum stress/MPa 
Element group number 

21.95 
12 

28.03 
12 

First natural frequency/Hz 149.54 116.99 
Second natural frequency/Hz 171.26 120.60 
Third natural frequency/Hz 176.85 121.03 

Structure mass /kg 2067 1540 
Reduce weight /kg  527 

Weight reduction ratio  25.5% 

 Lightweight optimization design of stator 
frame 

The stator frame is made of carbon structural steel 
Q235B with different thickness. Its structure diagram 
is shown in Fig. 3, which is mainly composed of upper 
ring, verical rib, middle ring, supporting ring, lower 
ring and housing. Stator frame is a complex structure 
of plate box body. Three-dimensional triangular shell 

element is used as element of finite element model for 
stator frame structure. The entire finite element model 
consists of 28 element groups, 1740 elements, 732 
nodes, and 4328 degrees of freedom.  

In load calculation, the loads on the stator frame 
under rated operating condition and half the magnetic 
poles short circuit condition are analyzed, and the lar-
gest loads under the most unfavorable working con-
dition are considered [13]. 
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1-Upper ring   2-Vertical rib×12 equispaced   3-Middle 
ring   4-Vertical rib×12 equispaced   5-Vertical rib×36 

equispaced   6-Supporting ring   7-Lower ring   8-Vertical 
rib×12 equispaced   9-Housing   10-Vertical column×4 

equispaced  

Fig. 3 Structure diagram of stator frame 

 

6 kinds of plate thicknesses 1 2 6
T[ , , , ]x x x= ×××X  of 

stator frame are selected as design variables. The mass 
W( )X  of stator frame is taken as the objective 

function of optimization design. With conforming to 
stress and deformation as the constraint conditions, 
the mathematical model of  lightweight optimization de-
sign is obtained as 
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The lightweight optimization results are obtained 
by repeated iteration until the best approximation, 
shown in Tab. 3. 

The maximum stress, maximum displacement and 
natural frequencies for original and improved finite 
element model under loads are analyzed and calculated 
respectively. The results are shown in Tab. 4.

Tab. 3 Optimization design results of stator frame 

Design variable Parts name Original value/mm 
Optimal standardized 

value/mm 

1x  
Vertical 

rib 2 
30 20 

2x  Middle ring 30 25 

3x  
Vertical 

rib 4 
30 20 

4x  
Vertical 

rib 5 
30 20 

5x  Supporting ring 40 36 
6x  Housing 16 12 

Tab. 4 Comparison of dynamic characteristics of stator frame  

Performance parameter Original model Optimized model 
Maximum displacement/mm 

Node number 
0.225 

8 
0.456 

8 
Maximum stress/MPa 
Element group number 

54.0 
1 

54.5 
6 

First natural frequency/Hz 105.72 104.80 
Second natural frequency/Hz 124.06 121.91 
Third natural frequency/Hz 155.79 149.89 

Fourth natural frequency /Hz 233.24 233.03 
Structure mass /kg 7800 5910 
Reduce weight /kg  1890 

Weight reduction ratio  24.2% 

 Lightweight optimization design of lower 
bracket 

The Lower bracket is a complex structure of plate 
box body, which is mainly composed of upper ring, 
lower ring, housing and rib plate. Lower bracket is 

equipped with hydraulic cylinder, lower guide bearing, 
etc., which is fixed on the concrete foundation by 
bolts of support arm. Lower bracket is made of carbon 
structural steel Q235B with different thickness. The 
structure diagram is shown in Fig. 4. 
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1-Support arm   2, 3, 9-Bearing plate   4-Rib plate   5-Up-
per ring   6-Lower ring   7-Housing   8-Retainer ring   10-

Bolt 

Fig. 4 Structure diagram of lower bracket 

In a similar manner, the entire finite element model 
of lower bracket consists of 18 element groups, 1036 
elements, 548 nodes, and 3288 degrees of freedom. 
The loads acting on the lower bracket are analyzed and 
calculated to simulate the working condition [14]. 14 

kinds of plate thicknesses 1 2 14
T[ , , ]x x x= ××× × × ×X  are se-

lected as design variables, and the mass of lower brac-
ket ( )W X  is taken as the objective function of opti-

mization design. The mathematical model of  lower 
bracket lightweight optimization design is obtained as 
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The optimized design parameters of lower bracket 
are determined by using the compound form method 
with optimization iteration, the lightweight opti-
mization results are shown in Tab. 5.

Tab. 5 Optimization design results of lower bracket 

Design variable Original value/mm Optimal value/mm Standardized value/mm 
1x  20 12.395 15 
2x  60 48.59 50 
3x  15 3.198 6 
4x  15 7.198 10 
5x  20 12.395 15 
6x  20 6.796 10 
7x  25 12.379 15 
8x  20 6.796 10 
9x  15 6.796 10 

10x  20 10.796 12 
11x  50 33.59 36 
12x  20 6.796 10 
13x  20 6.796 10 
14x  25 13.395 15 

 
The maximum stress, maximum displacement and 

natural frequencies for original and improved finite 
element model under loads are analyzed and calculated 
respectively. The results are shown in Tab. 6. 

Tab. 6 Comparison of dynamic characteristics of lower bracket 

Performance parameter Original model Optimized model 
Maximum displacement/mm 

Node number 
0.0823 

72 
0.243 

66 
Maximum stress/MPa 
Element group number 

32.5 
13 

94.6 
2 

First natural frequency/Hz 306.41 185.09 
Second natural frequency/Hz 345.42 188.43 
Third natural frequency/Hz 350.24 188.48 

Fourth natural frequency /Hz 350.34 191.41 
Structure mass /kg 1780 990 
Reduce weight /kg  790 

Weight reduction ratio  44.38% 
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 Lightweight optimization design of head 
cover 

Head cover is fixed on seating ring by bolts of up-
per ring plate, which is mainly composed of upper ring 
plate, outer rib plate, middle ring plate, rib plate, mid-
dle ring, inner ring, etc. Head cover is equipped with 

the control ring, drive parts of water guide mechanism 
and the water guide bearing, etc. Head cover is made 
of carbon structural steel Q235B with different thic-
kness and stainless steel 06Cr19Ni10N. The structure 
diagram is shown in Fig. 5. 

 
1-Upper ring plate   2-Outer rib plate   3-Rib plate   4-Lowering plate   5-Middle ring   6-Middle ring plate

7-Inner ring   8-Stainless steel liner 

Fig. 5 Structure diagram of head cover 
 
A finite element model with 21 element groups, 

1088 elements, 544 nodes, and 3264 degrees of free-
dom is established for head cover by using three-di-
mensional triangular shell element. 

The loads acting on head cover structure are com-
plex and related to the operating state of water turbine. 
According to design loads of head cover, the loads sta-
tus under normal operation, emergency stop and seals 
failure are analyzed, and the largest loads under the 
most unfavorable working condition are considered 
[11].  

Based on the finite element model, analysis and 
calculation show that when the head cover subjected 
to axial load, the maximum displacement occurs in ele-
ment group 10, at nodes in the middle of two ribs, 
such as node 488, the maximum displacement 

 mmd =max .0 421 ; the maximum normal stress occurs 
in element group 6, and the value is 

 N / mmax .s = ´ 8 2
1 55 10 . The maximum deformations 

of the head cover are located in the upper ring plate 
and lower ring plate between the rib plates (8 rib plates 
in total), which indicates that the strengthening effects 
of outer rib plates are not effective. It should consider 
increasing the quantities or the strength of rib plates 
to reduce its axial deformation. In view of that should 
not affect the existing arrangement of other mecha-
nisms and the operation of 16-guide vane mechanism 
on head cover, the following improvements are pro-
posed: remove the original 8 outer rib plates and retain 
the 8 existing rib plates, add 8 same rib plates between 
guide vane holes. The improved head cover structure 
is shown in Fig. 6. 

 
Fig. 6 Structure diagram of improved head cover 

 
For the improved head cover (16 ribs), a finite ele-

ment model with 28 element groups, 1376 elements 
and 4032 degrees of freedom is established by using 
three-dimensional triangular shell element. Six kinds 

of plate thicknesses 1 2 6
T[ , , ]x x x= ××× × × ×X  are selected 

as design variables, and the head cover mass ( )W X  is 

taken as the objective function of optimization design. 
With conforming to stress and deformation as the con-
straint conditions, the mathematical model of  
lightweight optimization design is obtained as 
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By using the compound form method with opti-
mization iteration, through repeated iteration until the 

best approximation, the thickness of each plate is de-
termined respectively: S1=36mm, S2=20mm,
S3=32mm, S4=20mm, S5=20mm, S6=15mm. The ma-
ximum stress, maximum displacement and natural 
frequencies for original and improved finite element 
model under loads are analyzed and calculated re-
spectively. The comparative results are shown in Tab. 
7.  

Tab. 7 Comparison of dynamic characteristics of head cover 

Performance parameter Original model Improved Optimized model 
Maximum displacement/mm 

Node number 
0.421 
488 

0.253 
579 

Maximum stress/MPa 
Element group number 

155 
6 

103 
6 

First natural frequency/Hz 205.95 214.59 
Second natural frequency/Hz 288.93 308.09 
Third natural frequency/Hz 364.43 401.08 

Fourth natural frequency /Hz 408.43 429.82 
Structure mass /kg 1900 1650 
Reduce weight /kg  250 

Weight reduction ratio  13.2% 

 Optimization Effect Evaluation of Hydro 
Generator Set 

To verify the correctness and effectiveness of the 
finite element model and lightweight design, the origi-
nal structures and the optimized structures of upper 
bracket, stator frame, lower bracket and head cover 
are tested respectively by hammer impulse exciting. 
The test data are analyzed by signal processor 7T17S, 
and the modal parameters are identified. The modal 
frequencies and modes of the first four modal freque-
ncies were in well agreement with the natural freque-
ncies and modes calculated by the model. The finite 
element models established well simulate the actual 
structures, the computed results agree with that of ex-
citing test and modal analysis. 

Through lightweight optimization design for the 
main parts of hydro generator, the maximum stress 

and maximum displacement of the optimized main 
parts are within the allowable value range, modal ana-
lysis shows that their dynamic characteristics are im-
proved and the performances meet the design requi-
rements. The first natural frequencies of the optimized 
main parts are still much higher than the runaway 
frequency 16.04Hz of hydro generator and there is no 
resonance after the lightweight design. The 
lightweight optimization design reduced the weight of 
hydro generator by 3457kg in total.  

The hydro generator set manufactured by the im-
proved design scheme was put into official operation 
in a hydropower station, after nine months of opera-
tion, the original design hydro generator set and the 
improved design hydro generator set of the same type 
were site tested at full load (7000kW). The main test 
data are shown in Tab. 8. 

Tab. 8 Comparison of hydro generator set test data of operation status 

Test parameter and parts 
Original hydro 
generator set 

Improved hydro 
generator set 

Upper bracket vibration amplitude/mm 
Axial direction 
Radial direction 

0.061 
0.069 

0.038 
0.031 

Water guide bearing vibration amplitude/mm 
Axial direction 
Radial direction 

0.13 
0.17 

0.068 
0.076 

Noise value in the plant/dB 
Sound pressure level 
sound power level 

76.79 
93.39 

74.7 
91.13 

 
Lightweight optimization design obviously impro-

ved the dynamic characteristics and greatly reduced 
the weight of hydro generator set. The product has re-
ached the national superior product standard and 
achieved satisfactory economic and social benefits. 

 Conclusions 

1. According to the actual size and working con-
dition of the upper bracket, stator frame, lower brac-
ket and head cover, finite element models are esta-
blished and lightweight optimization designs are 
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carried out by using sizing optimization design met-
hod. The method has practicability and engineering 
application value.  

2. Modal analyses show that the static and dynamic 
characteristics of the optimized structures are impro-
ved. The lightweight optimization design reduced the 
weight of hydro generator set by 3457kg in total. 

3. Optimization effect evaluation under full load 
operation and site test between the original and im-
proved hydro generator set demonstrate that the dy-
namic characteristics are improved and the perfor-
mances meet the design requirements. 
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