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Abstract. The dynamic property of typical tri-cyclic servo system is related with the parameters 
of electric machine, but there has been no research for the relations. In this paper, the dynamic 
property evaluation function of tri-cyclic servo system was built based on the integral squared 
time-weighted errors. The transfer function model of tri-cyclic servo system was built, and the 
control parameters of the model were tuned with the genetic algorithm. Moreover, on the basis of 
data acquisition by optimization Latin square design, the evaluation model of dynamic property 
was built based on a BP network. The result of the verification experiments showed that the 
evaluation model was able to evaluate the dynamic property of typical tri-cyclic servo system with 
different technical parameters, and it could be used to provide a reference for the chosen electric 
machine. 
Keywords: tri-cyclic servo system, electric machine, dynamic property, evaluation, BP network. 

1. Introduction 

The tri-cyclic servo system was widely used in the industrial production, and its dynamic 
properties such as tracking error, response velocity decided whether the production task could be 
completed or not. The typical tri-cyclic servo system is composed of an electric machine, 
transmission mechanism, actuating mechanism, testing sensors, controllers and others [1]. The 
dynamic property of tri-cyclic servo system was related to the parameters of all parts. Therefore, 
the relations between parameters of each part and the entire tri-cyclic servo system must be studied 
to make sure satisfactory dynamic property could be achieved. 

The studies of the mentioned relations have been concentrated on two aspects at present. The 
first aspect was building a mathematical model based on parameters identification for the 
controlled object, and then using some novel control methods or tune methods for setting control 
parameters to optimize the dynamic property for a tri-cyclic servo system [2, 3]. The second one 
was analyzing and preventing from the degradation of dynamic property generated from the 
stiffness, friction and other factors of transmission element by the methods of test experiments or 
simulation. Although the dynamic property of tri-cyclic servo system is also determined by the 
parameters of electric machine, there were few studies on this aspect [4]. It was so because in the 
traditional design method of servo system, the parameters of electric machine were determined by 
the principle of low cost and high efficiency according to the condition of power supply, the 
efficiency of the transmission element and others which had not taken the dynamic property into 
consideration. Once the parameters of electric machine were chosen, it cannot be changed. 
Therefore, the studies were meaningless unless the dynamic property had been taken into 
consideration at the determination of electric machine parameters in the design process of the 
servo system. 

In this paper, we believed that the dynamic property of servo system should be taken into 
consideration in the design process and be built on an evaluation model to display the relations 
between the electric machine parameters and the dynamic property. In Section 2, an object 
function of evaluating the dynamic property for servo system was built based on integral squared 
time-weighted errors (ISTE). In Section 3, the simulation model of transfer function for tri-cyclic 
servo system was built and the control parameters of this model were to be tuned according to the 
genetic algorithm (GA). And then, on the basis of data acquisition by the simulation model and 
optimization Latin square design, the evaluation model of dynamic property was built based on a 
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BP network in Section 4. 

2. Dynamic property evaluation object function  

The tri-cyclic servo system is used for implementing an accurate displacement or angle 
following, and the following process should also be fast and steady. At present, the object 
evaluation function of dynamic property for the tri-cyclic system can be described by time domain 
indexes, frequency domain indexes or integral performance indexes. The integral performance 
indexes are the comprehensive performance indexes which are close to reflect the dynamic 
property of tri-cyclic system more than the other two [5, 6]. And it includes the integral square 
error (ISE), ISTE, integrated absolute error (IAE), integrated time absolute error (ITAE) and 
others. ISE emphasize on preventing the big error of the transient process with the behavior of fast 
response and easy to generate an oscillation, IAE emphasize on preventing from a small error with 
the disadvantage of non-sensitivity to the system parameters variation, the ITAE is effective on 
the control of oscillation generating but fail in preventing from a big dynamic error, while the 
ISTE is good at controlling the big error in a relative short time as compared to others [7]. 
Therefore, in this paper, a dynamic property evaluation object function was built based on ISTE: 

ܬ = න ௡்(ݐ)ଶ݁ݐ
଴ ݐ݀ + ߱ ⋅ ,݋ (1)

where ܬ is the evaluation values of the dynamic property, and it is better when it is smaller, ߱ is 
the penalty factor for the system overshoot and can be defined as a great number, ݋  is the 
overshoot, ܶ is the minimum requirement time for the servo system reaching to the stable point, ݊ is an integer bigger than 2, and it could be used to coordinate the system requirement of steady 
state error and settling time, and if the integer ݊ is bigger, the requirement of steady state error for 
the system is higher. 

3. Simulation model of transfer function 

The relation between the electric parameters and the dynamic property should be studied in 
the condition of that the control parameters of the servo system have been tuned. Therefore, in 
this section, by studying the construction of the servo system, its simulation model for transfer 
function was built, and on the basis of GA, the control parameters of the servo system have been 
optimal and fast tuned.  

3.1. Simulation model building  

The tri-cyclic servo system consists of a current loop, velocity loop and position loop which 
were built based on the open loop transfer model of the electric machine [8]. And in the position 
loop, a proportional (P) controller is always used, while in the current loop and the velocity loop, 
it is a proportional-integral (PI) controller. Moreover, in the physical system, a low-pass filter that 
can be expressed by first order inertial link is used in the current loop to restrain the disturbance 
to the servo system. The low-pass filter in the current loop will cause the problem of control delay, 
the same first order inertial link shall be used before the current loop to make the feedback signal 
and the given signal transmission at the same time. Analogously, a feedback low-pass filter and 
pre-filter are also used in the velocity loop. Therefore, took the most frequently used permanent 
magnet synchronous electric machine (which the open loop transfer model was shown in Fig. 1) 
as an example, where, ܮ௤  is the winding inductance, ܴ  is the winding resistance, ܭ௘  is the 
back-EMF coefficient, ܭ௥ is the moment coefficient, ܬ is the rotational inertia of electric machine, ௅ܶ is the torque of load, ܤ is the viscous friction coefficient, ߱௥ is the angular velocity of the rotor. 
The simulation model tri-cyclic servo system can be built which was shown in Fig. 2. 
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Fig. 1. Open loop transfer model of permanent magnet synchronous electric machine 
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Fig. 2. Simulation model tri-cyclic servo system 

3.2. Tuning of control parameters 

According to the simulation model shown in Fig. 2, there were 5 control parameters to be  
tuned. The GA had been proved better in tuning control parameters than the traditional method 
[9], and in this paper, it was used to tune the control parameters for the tri-cyclic servo system. 
The tuning step was: 

(1) Computed the objective function value. 
According to the dynamic property evaluation function mentioned in Section 2, the objective 

function value was defined as: 

ܨ = (2) .ܬ1

(2) Encoded for gene. 
The tuning of control parameters consists in finding a solution for the optimization of a 

continuous function, and a gene encoded with the binary system was complicated with low 
accuracy as compared to the one encoded with a real number. Therefore, the one encoded with a 
real number was used in this paper.  

(3) Selection operation. 
In the selection operation, a higher survival probability was made for the individual that had a 

bigger ܨ computed with Eq. (2). Hypothesis ௜݂ was the objective function values of individual ݅ 
and Σ ௜݂  was the accumulated total values of the objective function of all the individuals, the 
duplication ability of individual ݅ was ௜݂ Σ ௜݂⁄ .  
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(4) Crossover and mutation operation. 
Basic arithmetic crossover and mutation operation were used in this paper. And a high 

mutation constant was selected in the mutation operation to reflect the global search ability of the 
genetic algorithm. Moreover, the best individual is not used in both the crossover and the mutation 
operations to ensure the global convergence of GA. 

(5) Convergence analysis. 
In the traditional convergence analysis, the optimal searching result or the number of 

generations was used to determine whether convergence conditions are satisfied or not. However, 
in this paper, the optimal objective function value for the simulation model could not be certified 
in advance. Therefore, GA searching ended with the number of generations reach to the set 
numbers. 

According to the tuning step for control parameters, a tri-cyclic servo system with its parameter 
indexes shown in Table 1 was tuned. 

Table 1. Parameter indexes of tri-cyclic system 
Parameter ܸ (r/min) ܥ (A) ܷ (V) ܴ௔ (Ω) ܮ௔ (H) ܬ௠ (kg×m2) B Ke 

Values 3000 7.5 220 0.59 0.00169 0.00167 0.01 0.0838 
Parameter ௣ܶ௙  ௦ܶ௙ ߛ ߚ ௖ܶ௙ ܭ௣௖௠  ௣ܶ௖௠ ܭ௥  

Values 0.0001 0.001 1 1 0.0001 0.1 0.001 0.8 

The value of the evaluation function (ܬ) was 1308 while ݊ was 3 and ߱ was 100 after tune, 
and the dynamic following property was shown in Fig. 3.  

 
Fig. 3. Dynamic following property of tuned tri-cyclic servo system 

4. Dynamic property evaluation for Tri-Cyclic servo system 

4.1. Experiment design for data acquisition 

The accuracy of the evaluation model for the dynamic property based on BP network was 
decided by the data acquisition method. The orthogonality principle was utilized in the 
mathematical statistics, and the representative data, which displayed the relations between the 
electric parameters, were chosen, and the dynamic property could guarantee the accuracy of the 
evaluation model. The simulation data distribute in the data space uniformly and it is orthogonal 
with each other by using the optimization Latin square design method [10]. For the parameters ܸ, ܥ, ܴ௔, ܮ௔, ߚ and ௦ܶ௙ shown in Table 2, they were obvious relevant with the dynamic property, the 
evaluation model for the relationships between these 6 parameters and the dynamic property was 
studied. The number of sample data groups used for building the evaluation model was set as 50. 
Therefore, according to the optimization Latin square design method, the dynamic property based 
on the simulation model and tuning steps was computed, the 50 groups sample data was shown in 
Table 2 while ݊ was 5 and ߱ was 100. 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

10

20

30

40

50

60

70

80

t(s)

an
gl

e(
o )

 

 

Tracking signal
Input signal



DYNAMIC PROPERTY EVALUATION OF TRI-CYCLIC SERVO SYSTEM.  
DONGSHENG XU, MING LU, CHANGZHI JIA, ZHONGLING HU 

428 © JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. DEC 2016, VOL. 10. ISSN 2345-0533  

Table 2. 50 groups sample data  
Group ܸ (r/min) ܥ (A) ܴ௔ (Ω) ܮ௔ (H) ߚ ௦ܶ௙ ܬ 

1 2957 5.76 3.622 0.0576 8 0.000125 5315 
2 3263 7.22 1.51 0.0535 2 0.000112 3692 

… … … … … … … 5150 
50 3275 5.57 4.541 0.0758 5 0.0000613 3796 

4.2. Evaluation model building based on BP network 

As a widely used network, a 3-layers BP network is able to approximate all the continuous 
functions in any accuracy [11]. And it was used in this paper to build the evaluation model. In the 
BP network training process, the number of input neurons was 6 as per the parameters ܸ, ܥ, ܴ௔, ܮ௔, ߚ and ௦ܶ௙ shown in Table 3, while the output neuron was ܬ also shown in Table 3. The number 
of hidden layer neurons was set as 10 according to the empirical formula: ݕ = √݉ + ݊ + ܽ, (3)

where, ݕ was the number of hidden layer neurons, ݉ was the number of input neurons, ݊ was the 
number of the output neurons, ܽ was an integer which was varied from 0 to 10. 

By comparing the result of substantive BP training experiments, the transfer function between 
input layer and hidden layer was chosen to be sigmoid, and between hidden layer and output layer 
it was a purelin function. The training function was training, and the learning rate was set as 0.01, 
the training error was 10-5. 45 groups of sample data were used to train, and after training with 
52986 times, the error reached to 9.9928×10-6. The error varied with training process was shown 
in Fig. 4. 

 
Fig. 4. Error varied with BP network training process 

According to the result of BP network training, the evaluation model was built as: 

௣ܬ = ෍ ܳ௝ 11 െ exp(∑ ௜ܲ௝ ௜ܺ െ ௝ܾ଺௜ୀଵ )ଵ଴
௝ୀଵ െ ݇, (4)

where, ܬ௣  was the evaluation value of the dynamic property, ௜ܲ௝  and ௝ܾ  were the weight and 
threshold between input layer and hidden layer, ܳ௝ and ݇ were the weight and threshold between 
hidden layer and output layer, ௜ܺ was the values of input parameters. 

There were 5 groups of sample data that had not been used in the BP network training. They 
were used to verify the evaluation model. As shown in Fig. 5, the error between the evaluation 
values and the actual result of these 5 groups sample data was low, and it proved the evaluation 
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model could be used to study the relations between the electric parameters and dynamic property 
of a tri-cyclic servo system. 

 
Fig. 5. Comparison of evaluation values and actual result 

5. Conclusions 

For evaluating the dynamic property of a typical tri-cyclic servo system with different 
technical parameters of electric machine, the evaluation object function was built based on ITSE. 
And by studying the construction of a tri-cyclic servo system, a simulation model of transfer 
function of tri-cyclic servo system was built. The control parameters of the simulation model had 
been optimal and fast-tuned on the basis of GA. Moreover, based on BP network, the evaluation 
model used to study the relations between the electric parameters and the dynamic property of tri-
cyclic servo system was built and verified, which meant the evaluation model could be used to 
provide a reference for the chosen electric machine. 
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