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Abstract 

In order to solve the problem that the best time of closing the ship power station and the 
car is difficult to catch, the problem of the car failure is caused. The influence of the 
parallel conditions and signal acquisition of the power station and the main switch 
action time on the closing command is analyzed. The linear regression algorithm is used 
to predict the optimal closing time, calculate the closing advance, and capture the 
optimal closing time. Based on the influence of main switch operation time and load 
disturbance at the moment of closing, the linear regression control system of ship power 
station based on S7-1500 PLC is designed. The experimental results show that the linear 
regression method captures the best time of closing and the impact current is small. High 
reliability, improved car success rate, and good promotion and application value. 
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1. Introduction 

Ship power station is the core of ship and its power system. Ship power station automation is an 

important part of engine room automation [1]. The automatic parallel control of diesel generators in 

ship power stations is an important part of the automation control of the entire ship power station [2], 

and the capture of closing timing has always been the difficulty and key point of automatic grid 

connection. Reference [3] used the measurement phase difference method to calculate the closing 

advance and capture the closing timing. The shortcoming of this method is that the program entering 

the capture closing command cannot automatically track the change of the difference frequency and 

treat the time when the generator voltage lags behind the grid voltage. Because the time of entering 

the program is random, the execution time of the program May be as long as the entire difference 

frequency period. Reference [4] uses the principle of similar triangles to calculate the closing advance 

and capture the closing timing. Although this method can automatically track the change of the 

difference frequency, in the formation process of the difference frequency triangle wave, a filter 

circuit is used to filter out its inherent high-frequency components. In addition, there are various 

interference signals on the circuit board. The frequency components and interference signals are all 

filtered out, so the actual difference frequency triangle wave is not a linear smooth straight line. 

Therefore, the closing error obtained by using the similar triangle principle is large. The closing error 

may increase as the sampling period decreases. It may also increase as the sampling period increases. 

Based on the S7-1500 PLC, the method proposed in this article uses linear regression to calculate the 

closing advance and capture the closing timing. It can automatically track the change of the difference 

frequency and obtain the minimum straight line of error that is consistent with the actual curve. To 

solve the disadvantages of the above two methods. 
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2. Conditions for automatic quasi-synchronization 

The theoretical conditions of automatic quasi-synchronous paralleling are: the voltage, frequency and 

phase of the parallel machine and the power grid should be consistent. At this time, the closing time 

is the best time, but in actual operation, it is almost impossible to achieve the same three conditions 

due to external environment and electromagnetic interference. It is proved by experiments that the 

closing current is the smallest when closing within the following range: 

(1)Difference between standby voltage and grid voltage 10% eU U   

(2)The difference between the parallel frequency and the grid frequency is between 0.10.25Hz 

(3)Phase difference between parallel machine and power grid is 15°[5] 

2.1 Acquisition and processing of voltage signals 

Satisfying the voltage conditions is the first condition to realize the three conditions of automatic 

quasi-synchronization. Before comparing the voltage to be paralleled to the grid voltage, it is 

necessary to check whether the voltage to be paralleled is above 85%. When the voltage to be 

paralleled is above 85%, collect the voltage from the parallel to the grid and pass through the 

waveform conversion circuit. It becomes a DC signal and then sends the signal to a voltage 

comparator for comparison. The result of the comparison is sent to the PLC input interface through 

the analog module. The PLC can determine whether the voltage condition to be paralleled is satisfied 

based on the signal of the voltage comparator [ 6]. When the voltage conditions are met, it will enter 

the next program. If the voltage conditions are not met, the PLC will send up / down voltage control 

signals to adjust the voltage through the voltage regulator. 

2.2 Acquisition and processing of frequency signals 

The detection of the frequency signal is an important part of the automatic quasi-synchronization 

function. The sine-wave voltage signals and, which are transformed by the waveform conversion 

circuit, are converted into a positive half-cycle rectangular wave signal by a zero discriminator, and 

then measured with a counter. This article uses the S7-1500 PLC compact-type CPU 1512C-1PN to 

carry the high-speed counter for counting. The counting frequency of the counter is 400kHz. As 

shown in Figure 1, when the rectangular wave has a rising edge, the high-speed counter is triggered 

to start counting. When the rectangular wave reaches the second rising edge, it stops counting. The 

count value represents the period of the signal, and then divided by 2 to get the half period. For 

example, the counting frequency of this counter is 400kHz. For a half-cycle power frequency of 50Hz, 

the counting value is 4000 times. If the frequency of the parallel generator is 50.5Hz, the counting 

value is 3960 times. When the frequency is 49.5Hz, the counting value is 4040 Times. Treat the 

parallel voltage and the grid voltage count separately, and find the count difference, then you can 

determine whether the frequency difference meets the parallel conditions. If the frequency difference 

detection does not meet the parallel conditions, the PLC outputs a speed regulating pulse of a certain 

width and frequency according to the frequency difference to adjust the speed of the generator. When 

the frequency difference reaches the parallel condition, the next procedure is performed. 
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Figure.1 Frequency difference detection - half cycle count 
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3. Acquisition of differential frequency voltage  

The difference frequency voltage comes from the signal processing board, which is obtained by the 

hardware circuit, and is input to the PLC for processing and calculation through the analog module 

to obtain the closing advance. In the differential frequency voltage forming circuit, the grid voltage 

and the voltage to be paralleled form a square wave of the same frequency through a waveform 

conversion circuit, and then these two sets of square waves are input to a phase detection circuit 

composed of an "exclusive OR" gate for logical processing [6 ], And then the high-frequency 

component is filtered by a low-pass filter circuit, so that a DC level proportional to the phase 

difference between the two input signals can be obtained, that is, a difference frequency voltage. The 

waveform diagram shown in Figure 2 is the waveform of the transformation process of each voltage 

during the signal processing. In the figure, wU and fU are the square wave of the same frequency 

obtained by the waveform conversion circuit, sU  is the theoretical difference frequency voltage 

waveform after filtering. 

t/s

t/s

t/s  

Figure.2 waveform diagram of the formation of the difference frequency voltage 

3.1 Linear regression method to obtain closing advance  

Theoretically, a closing command is issued when the phase of the parallel voltage and the grid voltage 

are the same, but because the main switch has a fixed time acbt , the closing advance must be considered 

before the main switch action is completed. The phases are exactly the same. During the parallel 

operation, due to the idling of the parallel units and changes in the grid load, the frequency of the 

parallel units and the grid is disturbed, and the frequency of the parallel units and the grid fluctuates 

[7]. The actual difference frequency voltage waveform is not complete. Smooth straight lines. Figure 

3 is a schematic diagram of the differential frequency triangle wave voltage after interference. At this 

time, the closing advance obtained by using the similar triangle principle will have a large error. 
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Figure.3 sampling schematic 
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In order to realize the automatic tracking of the difference frequency and the straight line with the 

smallest error that is consistent with the actual curve, a linear regression method is used to calculate 

the closing advance. The specific acquisition process is as follows. In the PLC closing program, it is 

first necessary to detect that the current sampling difference frequency voltage value is smaller than 

the last sampling value to ensure that the closing command is issued within a range where the phase 

difference is gradually reduced. When the above conditions are met, the PLC starts sampling 

calculations. In order to facilitate the calculation, the first sampling time in each prediction calculation 

is t=0. The sampling period is cT , then the relationship between the number of samples i , the 

sampling time t, and the sampling value su is shown in Table 1. 

Table 1 Sample data table 

i  t  su  

1 1 0t =  1su  

2 2 ct T=  2su  

3 3 2 ct T=  3su  

4 4 3 ct T=  4su  

... ... ... 

n ( 1)n ct n T= −  snu  

Let the expected linear regression equation be 

( 0)su a t b a= −  +                                  (1) 

In the formula, a and b are parameters to be determined. Generally, the values of a and b are obtained 

by the least square method, and the principle of the least square method is to minimize the error 2e
s . 
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Insert the data in Table 1 into the above formula, 
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Solving the above equation gives 
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From this we can get the best linear regression equation as 

    su At B= − +                                        (9) 

When the difference frequency voltage su of the optimal regression equation is zero, the obtained time 

o

B
t

A
= is the time when the phase of the parallel voltage and the grid voltage are consistent, and the 

time from the nth sampling time to the in-phase point is 

      ( 1)zn c

B
t n T

A
= − −                                   (10) 

In the linear regression method, the larger the number of samples, the closer the obtained regression 

equation is to the actual situation, but the corresponding calculation time also increases, and taking 

into account the actual situation when the car is combined, the number of sampling is not easy to be 

too much, as given below When sampling 4 times and 5 times, the time from the last sampling time 

to the in-phase point 

     1 2 3 4

4

4 3 1 2

2 4 7

3 3

s s s s

z c

s s s s

u u u u
t

u u u u

− − −
= 

+ − −
                             (11) 

      1 3 4 5

5

4 5 1 2

(2 2 4 6 )

2 2

s s s s

z c

s s s s

u u u u
t T

u u u u

− − −
= 

+ − −
                           (12) 

4. Design of system program  

The software design of the system includes a main program and communication instructions, voltage 

detection, frequency detection and adjustment, and phase detection. The specific design ideas are as 

follows: 

(1)After the system is initialized, first determine the voltage difference, frequency difference, and 

phase difference between the parallel generator and the power grid. When any one of the three 

conditions is not met, the lock is achieved, and the closing signal is not allowed. 

(2)Detect the voltage difference between the parallel machine and the power grid. If the parallel 

conditions are not met, a voltage adjustment device adjusts the voltage until the parallel conditions 

are met, and then enter the next program detection. 

(3)Detect the frequency difference between the parallel machine and the power grid, and according 

to the size and direction of the frequency difference, the FM signal is sent to the parallel unit, until 

the parallel conditions are met, and the next program is tested. 

(4)Calculate the closing amount in advance according to the linear regression method, capture the 

closing time, and issue a closing command. 

4.1 Main configuration of technical link 

The automatic quasi-synchronous parallel device designed in this paper uses S7-1500 PLC as the core 

controller, has integrated PROFINET interface, PN IRT function, can ensure accurate response time 

and high-precision operation of factory equipment, and has powerful integrated process functions. 

Such as high-speed counter function, high-speed pulse output or pulse width modulation output PWM 

function and motion control function, etc. At the same time, S7-1500 PLC has high reliability and is 

less affected by external environment, suitable for working in the harsh working environment of the 

ship. 

This device chooses the CPU module of S7-1500 PLC as compact CPU1512C-1PN, this CPU with 

memory 250 KB for program and 1MByte for data, 32 digital inputs, 32 digital outputs, 5 analog 

inputs 2 analog outputs, 6 high-speed counters, 4 high-speed counters are the first interface for PTO 

/ PWM / frequency output, of which the high-speed counter for frequency detection has a high-speed 

counting function up to 400kHz (4 times the frequency). The frequency difference between the 

parallel machine and the grid has better reliability. U / I high-speed analog module is selected for 
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inputting analog information such as car differential frequency voltage. This analog module has 8 

channels and has isochronous mode. When voltage input is used, the range is set to 10V for high 

speed. The analog module has strong resistance to external electromagnetic interference and can 

better maintain the original analog signal.  

4.2 Error Analysis 

Based on the S7-1500 PLC compact CPU, after analysis and testing, it is appropriate to sample once 

every 10ms, and to sample four times. In this part of the program, when the difference between the 

design 4zt and the main switch action time acbt  is less than or equal to 10ms ( 4 10z acbt t ms−  ), a closing 

command is issued. The scan rate of the S7-1500 PLC used for grid control is very high. This can 

ensure that the scan cycle is short during the closing process and can keep the scan cycle constant. 

Compact CPU1512C-1PN, the scanning cycle of PLC measured during closing operation is 5ms, so 

sample every two scanning cycles in the program design. The parallel switch's main switch inherent 

operating time is 100ms. Table 2 shows the data obtained from the parallel device test four times. 

From the data in the table, it can be seen that the difference between the last 4zt of the four tests and 

the main switch operation time acbt  is less than or equal to 10ms. After closing, the maximum phase 

difference between the parallel voltage and the grid voltage measured is 9.9 °, and the minimum phase 

difference is only 5 °. The phase difference of the four tests is within the allowed phase difference 

range, and it takes only 30ms to obtain the accurate closing advance. Therefore, the linear regression 

method can be used to accurately capture the optimal closing time and capture the closing point 

quickly. And the inrush current is also small. 

Table.2 Experimental data 

1 sample value 2 sample value 3 sample value 4 sample value 4zt  
fU and wU phase 

difference 

(0ms,8V) (10ms,7.5V) (20ms,7V) (30ms,6V) 95ms 6.6° 

(0ms,9.5V) (10ms,8.7V) (20ms,8V) (30ms,7.5V) 110ms 9.9° 

(0ms,9.2V) (10ms,8.5V) (20ms,7.8V) (30ms,7V) 96ms 5.8° 

(0ms,8.5V) (10ms,7,6V) (20ms,7V) (30ms,6.5V) 97ms 5° 

5. Conclusion 

In this paper, S7-1500 PLC is applied to the parallel installation of the ship power station, which 

improves the stability of the parallel installation of the ship. At the same time, the PLC controller can 

work stably in the complex and harsh environment of the ship power station, which also improves 

the reliability of the ship power station's parallel connection. The linear regression method is used to 

calculate the closing advance based on PLC, which improves the accuracy of the closing time, makes 

the inrush current at the closing time smaller, and improves the service life of the paralleling device. 

Based on the S7-1500 PLC, the parallel connection device that calculates the closing advance by the 

linear regression method is expected to be applied to the ship power station automation system in the 

future. 
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