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Abstract. Combined with the influence coefficient methods and the Holo-balancing theory of 
shaft system, a new shaft multi-objective optimization dynamic balancing method including 
energy, uniformity and maximum of the residual vibration is proposed by building a 
multi-objective fuzzy evaluation function and application of Differential Search (DS) algorithm. 
The advantage of DS algorithm is studied by comparing with four other optimization algorithms. 
And the principle of balancing weight optimization of DS algorithm is studied to realize the shaft 
dynamic balancing. Finally, the validity and effectiveness of the proposed method is verified 
through a field power generator set balancing case. 
Keywords: differential search algorithm, dynamic balancing, multi-objective optimization, shaft 
system. 

1. Introduction 

One of the biggest problems which large rotating machinery faced is vibration problem. A 
large amount of statistical data indicates that the mass unbalance of the rotors is usually the major 
cause of excessive vibrations of large rotating machinery [1]. Rotary mechanical shaft unbalance 
would cause flexure and internal stress of rotors, accelerate abrasion of bearing and shaft seal parts, 
reduce the working efficiency of the machine, which could cause serious accidents [2]. Therefore, 
the dynamic balancing technology is particularly important for large rotating machinery. 

Influence coefficient [3] and modal balance method [4] are widely used methods for balancing 
in industry field. Holospectrum [5-7] based balancing technique is a relatively new method for 
balancing [8]. Because of the difference between shaft balancing and single rotor balancing, the 
influence of measuring surface selection and supporting condition of bearing, it is very difficult 
to get the optimal result by solving the balancing weight directly. 

In nature, many species of living beings benefit from the ability of collective problem-solving 
of the groups they form through socialization to solve hard problems [9]. Swarm intelligence 
optimization algorithm is on the basis of this to search solution for a problem by natural or artificial 
agents through use of collective methods [10]. As a swarm intelligence optimization algorithm, 
DS algorithm is very flexible and steady [11]. 

Multipurpose optimizing of shaft balancing is studied, and DS algorithm is employed to solve 
the problem here. 

2. Differential search algorithm 

DS is an algorithm developed for solution of optimization problems. DS algorithm simulates 
the Brownian-like random-walk movement used by an organism to migrate [11]. 

2.1. The principle of differential search algorithm 

It is assumed, in DS algorithm, that a population made up of random solutions of the respective 
problem corresponds to an artificial-superorganism migrating. In DS algorithm, 
artificial-superorganism migrates to global minimum value of the problem. During this migration, 
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the artificial-superorganism tests whether some randomly selected positions are suitable 
temporarily during the migration. If such a position tested is suitable to stopover for a temporary 
time during the migration, the members of the artificial-superorganism that made such discovery 
immediately settle at the discovered position and continue their migration from this position on. 

The schematic diagram of DS algorithm is shown in Fig. 1. Fig. 1 depicts the process of the 
DS algorithm to find the optimal value. 

 
Fig. 1. The schematic diagram of DS algorithm 

2.2. DS algorithm compared with other algorithms 

DE, PSO-w, PSO-cf and SFS algorithm were selected to compare with Differential Search 
algorithm. In the tests, population is selected for 100. 30 times independent tests were made to 
each algorithm with suitable parameter settings. 

Function 1 is a low-dimensional multimodal function with a few local minimum values: 

ଵ݂ = ଵଶݔ4 − ଵସݔ2.1 + 13 ଵ଺ݔ + ଶݔଵݔ − ଶଶݔ4 + .ଶସݔ4 (1)

The global minimum is  ଵ݂(–0.09, 0.71)= –1.0316. The results are shown in Table 1. 

Table 1. Experimental results of function 1 
Function Permissible 

error Algorithm The best 
value 

The mean 
value 

The mean 
iterations 

Times of 
success 

ଵ݂ ܩ = 100 1e-4 

DE –1.0316 –1.0316 24.7 30 
PSO-w –1.0316 –1.0316 20.7 30 
PSO-cf –1.0316 –1.0316 20.6 30 

SFS –1.0316 –1.0316 17.7 30 
DS –1.0316 –1.0316 36.3 30 

Table 2. Experimental results of function 2 

Function Permissible 
error Algorithm The best 

value 
The mean 

value 
The mean 
iterations 

Times of 
success 

ସ݂ ܩ = 5000 1e-3 

DE 9.95e-00 8.10e+01 5000 0 
PSO-w 7.96e-00 2.10e+01 5000 0 
PSO-cf 2.69e+01 6.17e+01 5000 0 

SFS 2.98e-00 6.24e-00 5000 0 
DS 0 0 2061.1 30 

Function 2 is a high-dimensional multimodal function with a lot of local minimum values: 

݂2 = ෍ ሺ2݅ݔ − 10 cosሺ2݅ݔߨሻ + 10ሻ30
݅=1 . (2)
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The global minimum is  ଶ݂൫0ሬԦ൯ = 0. The results are shown in Table 2. 
It is concluded that DS algorithm is flexible and steady. DS algorithm is more effective to 

solve problems of high-dimensional multimodal function. 

3. Multi-objective optimization of dynamic balance 

The weight and angle of the clump weight on each balancing plane are determined through 
optimization of dynamic balance. The optimization results make vibrations achieve the ideal  
effect. 

3.1. Selection of balance optimization target 

Three optimization targets are selected to measure and evaluate the effects of balancing as 
follows: min 1ሺܺሻܨ = min ෍ ,2݅ݔ (3) min 2ሺܺሻܨ = minሺmax ሻ݅ݔ , (4) min 3ሺܺሻܨ = minሺmax ݅ݔ − min ሻ݅ݔ , (5) 

where, ݔ௜ is the residual vibration of each measuring point. 
Eq. (3) represents the minimum square sum of residual vibrations. Eq. (4) represents the 

maximum of residual vibration. Eq. (5) represents diversity of residual vibrations between each 
measuring section.  

The multi-objective optimization problem turns to a single object optimization problem by the 
linear weighted summation method. Because of the differences of magnitude and dimension 
among each object function, it is liable to happen that some objective functions are always in 
dominant positions and other objective functions will not be optimized effectively [12]. Therefore, 
each objective function should be normalized based on fuzzy mathematics theory: 

௧ሺܺሻ൯ܨ൫ߤ = ۔ە
,1ۓ ௧ሺܺሻܨ = ݉௧,ܯ௧ − ௧ܯሻݔ௧ሺܨ − ݉௧ , ݉௧ < ௧ሺܺሻܨ < ,௧,0ܯ ௧ሺܺሻܨ = ,௧ܯ (6) 

where, ܯ௧ and ݉௧ are the maximum and minimum value of the function item ܨ௧ሺܺሻ respectively.  
The overall balancing optimization object function is defined as linear weighted summation of 

all membership functions: ܪሺܺሻ = ଵሺܺሻ൯ܨ൫ߤଵݓ + ଶሺܺሻ൯ܨ൫ߤଶݓ + ,ଷሺܺሻ൯ܨ൫ߤଷݓ (7) 

where, ݓ௧, ݐ = 1, 2, 3; is the weight coefficient of each membership function, and it is determined 
by the importance of each objective function. Here, considering the leading role of objective 
function ܨଵሺܺሻ, the weight coefficients are set as ݓଵ ଶݓ ,0.7= ଷݓ ,0.2= = 0.1.  

3.2. Balancing weight optimization with DS algorithm 

Suppose the number of balancing plane is ܭ, the process of balance optimization using DS 
algorithm can be described below: 

1) Design artificial-organism as ܺ = ሾ݉ଵ, ,ଵߙ ݉ଶ, ,ଶߙ … , ݉௄, ௄ሿߙ , where ݉௜  and ߙ௜  are the 
weight and angle of  the clump weight on the ݅th balancing plane.  

2) Initialize the population, and determine ܯ௧ and ݉௧ of each sub-object function. 
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3) Calculate the fitness values of initial positions. 
4) Calculate the fitness values of stopover sites. 
5) Compare the fitness values of stopover sites of artificial-organisms with current positions. 

If fitness values of stopover sites are better than current positions, update those positions. 
6) Go to step 4 to do the iteration, until the optimal solution is found. 

4. Application of DS algorithm in power generator set field balancing 

The following is a field balancing application of a generator in power plant. The block diagram 
of the generator is shown in Fig. 2. Balancing planes were remarked with A, B and C in Fig. 2. 
Vibration measuring sections were selected at bearings of 1#, 2#, 3# and 4#.   

 
Fig. 2. Block diagram of the generate set 

The transfer matrix of balancing plane was calculated by the previous balancing experiments. 
Use DS algorithm to optimize the balancing weight. The optimized balancing weights on 
balancing planes A, B and C are 1152.05 g∠83.65°, 898.00 g∠151.71° and 1151.32 g∠299.43° 
respectively. 

The vibrations before the balancing, after the balancing and after multi-objective optimization 
are given in Table 3. 

The 3D holospectrum of the vibrations are shown in Figs 3, 4 and 5 respectively.  

Table 3. Vibrations of power generator set 
Vibration measuring 

section 
Vibration before 

balancing 
Vibration after 

balancing 
Vibration after multi-objective 

optimization 

1# ܺ (um∠°) 116.5∠136 64.2∠68.0 44.7∠174.2 ܻ (um∠°) 64.0∠28 57.4∠304 41.1∠86.9 

2# ܺ (um∠°) 54.0∠114 19.2∠139 29.7∠69.6 ܻ (um∠°) 79.0∠65 36.3∠34 42.6∠46.2 

3# ܺ (um∠°) 117.0∠110 49.6∠82 45.5∠46.3 ܻ (um∠°) 110.0∠18 78.8∠351 45.5∠4.7 

4# ܺ (um∠°) 49.0∠276 54.9∠104 45.5∠68.3 ܻ (um∠°) 18.5∠176 37.2∠25 29.8∠292.4 
 

 
Fig. 3. Original vibrations 

 
Fig. 4. Vibrations after balancing 
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Fig. 5. Vibrations used by DSA 

5. Conclusions 

In this paper, the maximum, uniformity and square summation of residual vibration are 
selected to be the optimization sub-objects for shaft system balancing, which meets the 
requirements of field dynamic balancing. Optimization and coordination among sub-objects are 
realized through multi-objective optimization function based on fuzzy mathematics theory. The 
principle of optimization of balancing weight with DS algorithm is studied. Compared with other 
four algorithms (DE, PSO-w, PSO-cf, SFS), DS algorithm is very flexible and steady. The 
effectiveness and advantage of the proposed method is verified by a practical field balancing 
application of generator set. 
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