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RESEARCH ON THE CONTROL SYSTEM OF CHARGING 

DEVICE OF MINE ELECTRIC LOCOMOTIVE  

L. ZHANG1, Y.G. DONG2, Z.B. LI3* 

In order to reduce the failure rate of mine electric locomotive charger and 

improve the stability and safety of mine electric locomotive charger, this paper aims 

at the backward situation of charger structure and control of mine electric 

locomotive. It takes the zbcf-150/190-400 mine electric locomotive charger used in a 

mine of Huaibei Mining Group Co., Ltd as the research object. By improving the 

main circuit power unit structure and control unit, based on the analysis of the main 

circuit model and control strategy of the active front-end rectifier, the predictive 

current control is adopted for the charging device of the electric locomotive. The 

experimental results show that the feasibility and effectiveness of the control system, 

to achieve the safety and efficiency of the system, meet the requirements of the 

application field. 
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1. Introduction 

The mining electric locomotive is used for long-term transportation of 

underground and its road surface. Its working principle is that the transmission 

device drives the wheel to rotate, so as to drive the train, so as to complete the 

transportation of coal, gangue, materials, equipment and personnel. At present, 

China is using a variety of mining electric locomotives, the total number of about 

60000 [1-2]. Charger is the basis of normal use of electric locomotive, so it is of 

practical significance to study the structure and control of mine electric 

locomotive charger, reduce the failure rate of charger and improve the utilization 

rate. 

In all the large coal mines of Anhui Huaibei Mining Group, the average 

number of mining electric locomotives is about 15. At present, there are 14 

electric locomotives in a mine. There are two main circuit structures for chargers. 

The disadvantage of the rectifier is that it can only provide a DC power supply in 

the form of a fixed power supply. Second, thyristor phase-controlled rectifier is 

used to provide DC power supply [3-4]. Generally, thyristor phase-controlled 
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rectifier and diode uncontrollable rectifier have basically the same advantages and 

disadvantages. The difference is that when the trigger angle of thyristor phase-

controlled rectifier is greater than 900, it can feedback energy from the load power 

to the grid [5-8], and at the same time, it will introduce harmonics to the power 

grid, which has obvious disadvantages. 

In this paper, the active front end AFE (active front end AFE) is used to 

overcome the shortcomings and limitations of the above two rectifiers [9-13], 

which can realize the advantages of bidirectional energy flow, high power factor, 

small harmonic component at input [14-20], and controllable DC output voltage. 

On the basis of voltage-oriented vector control (VOC) and predictive current 

control [21-22], the rectifier can automatically complete the complex charging 

program of constant current and constant voltage automatic conversion. Three 

charging methods with different performance are used, including current 

adjustment, over-current reset, shutdown and program automatic shutdown. After 

the actual trial operation, the charger can meet the requirements of battery 

charging, and the charging effect is good, which meets the requirements of green 

power, and the performance is stable and safe. 

2. Battery structure 

The battery is mainly composed of tubular positive plate, pasted negative 

plate, micro porous rubber separator, polypropylene battery covers and battery 

tank, electrolyte and special exhaust plug. The battery cover and battery tank are 

sealed by hot melt. The battery adopts bipolar pole structure, and each pole can 

bear the loop current independently. When a single battery is combined into a 

battery group, welding connection is adopted to prevent sparks and reduce contact 

resistance to ensure its safety and reliability. The exposed live part of battery pole 

and connecting line is covered with special insulating protective cover to prevent 

short circuit and spark caused by contact of metal foreign matters. There are small 

holes for measurement on the insulating protective sleeve. The special exhaust 

plug is used in the battery, which has good air permeability, so that the hydrogen 

is not easy to accumulate, prevent the battery from gas expansion and burst, and 

the electrolyte cannot splash out at the same time. When the average temperature 

of electrolyte is 30℃, the capacity of battery should be tested within 1-24 hours 

after charging. The electrolyte temperature should be kept between 22-34℃, and 

the ambient temperature must be kept within 15-35℃. If the electrolyte 

temperature is not at 30℃, the actual capacity (5-hour rate) should be converted 

according to Eq.1. If the electrolyte temperature is not at 30℃, the electrolyte 

density can be converted into the electrolyte density at 30℃ according to the 

decrease or increase of electrolyte density by 0.0007g/cm3 for every 1℃ increase 

or decrease of temperature. When the density of the electrolyte meets the 
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requirements and the temperature does not exceed 30℃, it can be added into the 

battery. The liquid level should be 20-25mm higher than the protection plate. 

After 4-6h of static state, the initial charging can be carried out according to the 

parameters. 
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where: C :actual capacity ah at - 30℃. C :- measured capacity ah.t0: average 

temperature℃. 0.006: temperature coefficient. 

3. Charger structure 

The charger is connected to the insulation terminal board on the side of the 

transformer by the primary and secondary outlet terminals of the rectifier 

transformer. The primary tap is connected by △when the power supply voltage is 

660V, and Y is connected at 1140V. Figure 1 shows the circuit diagram of the 

system. The main power is composed of flameproof switch, fast fuse rectifier 

transformer, varistor, PWM rectifier circuit and DC smoothing reactor. The 

function of varistor in the circuit is to protect the switching overvoltage and limit 

the surge current in the circuit. The fast fuse is used for the short circuit protection 

of the circuit. The wire across the two ends of the battery in the main circuit is 

reverse connection protection. When the charger is inversely connected with the 

battery pack, the battery pack's own voltage is connected to the coil of the main 

circuit reverse connected protection relay (the relay is installed in the reverse 

connection protector box), and the relay is closed to cut off the power supply of 

the control circuit of the starter in the main circuit. Then the power cannot be 

transmitted. At the same time, the sound and light alarm is given. The block 

diagram of the system structure is shown in Fig. 1. 
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Fig. 1:  Block diagram of the system structure 

4. PWM rectifier model 

Fig. 2 shows the active front-end rectifier model. The rectifier adopts a 

fully controlled bridge circuit composed of insulated gate bipolar transistor 
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(IGBT). The three-phase voltage source es (s = a, b, c) is connected by inductor L 

and resistance R. In the figure, ea, eb, and ec are three-phase symmetrical AC 

power supply voltage, resistance R is resistance equivalent value of IGBT internal 

resistance and grid side filter inductance of three-phase switching device insulated 

gate bipolar transistor, and inductance L is equivalent value of external reactor 

and internal equivalent inductance of AC power supply [8]. Inductance L is the 

necessary condition to ensure the normal operation of PWM rectifier. 
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Fig.2: Three phase active front end rectifier 

 

According to the circuit shown in Fig. 2, the equation of each phase can be 

expressed as Eq.2. 
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Then, the space vector of grid voltage is defined as Eq.3. 
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where 
2

3
j

a e


= . By substituting Eq.1 into Eq.2, the dynamic current vector 

equation for power grid can be obtained. 
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Eq.4 is equal to 0, which can be further obtained: 
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Considering the following definitions of grid current vector and voltage 

vector generated by Active Frond End rectifier, the input dynamic current Eq.5 

can be simplified as follows. 

22
( )

3
s a b ci i ai a i= + +                                                 (6) 

22
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3
afe aN bN cNu u au a u= + +                                        (7) 

The voltage afeu  is defined by the switching state of the converter and DC 

link voltage and can be expressed by the following Eq.8.  

afe afe dcu S U=                                                     (8) 

where dcU  is the DC side output voltage and afeS  is the PWM rectifier switching 

state vector. afeS  is determined by Eq.9. 

2
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where kS ,( 1,2,3k = ) is the switching state of each bridge arm of PWM rectifier. 

If =0kS , the bridge arm is the off state; if =1kS , the bridge arm is the on state. Re 

input the dynamic current Eq.4 in the αβ coordinate system to obtain the voltage 

Eq.10. 

                                                 s
s s afe s

di
u L u u Ri

dt
= − −                                         (10) 

where si  is the input current vector; su  is the power line voltage; afeu  is the 

voltage generated by the converter. 

5. Predictive current control 

Predictive current control can generate several switching states based on 

static power converter. Predictive current control system model is used to predict 

the change characteristics of variables corresponding to each switching state. 

Therefore, before using predictive current control, the current selection criteria 

should be defined in advance. The purpose is to select the appropriate switching 

value that can be applied, such as the cost function. The main function of the cost 

function is to get the prediction of the variable parameter value to be controlled, 

and the error between the measured current and the reference current is 

minimized. The predictive current controller can calculate the predictive current 

by using a discrete-time model. The calculation formula is shown as Eq.11. 
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For the sampling time Ts, this formula can be obtained by discretization 

through Eq.10, and the derivative term is approximated in one sampling period to 

realize the process of discretization. The predictive current controller can obtain 

the optimal current error with the minimum dynamic response speed. A more 

appropriate cost function can be selected to evaluate the input error value of the 

predictive current. The following mathematical expression is the cost function. In 

practical application, the absolute error between the predicted current and the 

reference current is taken into account and expressed in the form of rectangular 

coordinate system, as shown in Eq.12. 

| | | |p p

s s s sg i i i i   

 = − + −                                        (12) 

where ( 1) p p

s s si k i ji + = +  is the predicted value of input current at time ( 1)k +  for 

a given transformer, and the current ( )s s si k i ji 

  = +  is the reference current value 

for time K. 

6. Simulation and experiment 

6.1 Simulation 

Matlab/Simulink is used for simulation research. Simulation parameters: 

three phase symmetrical phase voltage 220V, equivalent resistance R=0.5Ω, 

inductance L=5mh, capacitance C=1500μf, voltage given as UDC*=800V, 

switching to 600V in0.6s, RL = 100 Ω, and RL=50Ω in 0.3s. The simulation time 

is st  =1 s. The simulation results are shown in Fig. 3- Fig. 6. 
 

  
Fig. 3: Output voltage waveform at DC side of rectifier   
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Fig.4: Output current waveform at DC side of rectifier 

 

From Fig. 3, it can be seen that there is a voltage overshoot of about 50V 

at the DC side of the rectifier during startup; when the load is set to change from 

100 Ω to 50 Ω at 0.3s, the DC side output voltage drops by about 15V, and the 

disturbance recovery time is 12ms. when the given voltage at DC side changes, 

there is a 30ms disturbance in the waveform. It can be seen from Fig. 4 that the 

average DC current increases when the load changes and decreases when the 

given voltage decreases. 
 

  
Fig.5: Waveform of phase to ground voltage at AC side of rectifier  
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Fig.6: Waveform of input current and voltage of AC power supply 

 

From Fig. 5, it can be seen that the DC output changes little when the load 

changes suddenly. It can be seen from Fig. 6 that the AC side voltage and current 

are almost in phase and sine wave regardless of the given change of load or DC 

voltage. When disturbance occurs, the current waveform returns to normal sine 

wave after about 5ms regulation. From the simulation results, it can be seen that 

whether the load size changes or the DC side current changes, it can reflect the 

effectiveness of predictive current control, reduce the output disturbance, and the 

system quickly returns to normal operation. 

6.2 Experiment 

In order to verify the theoretical analysis of PWM rectifier model, 

discrete-time model and predictive current control strategy, the main circuit, 

control circuit and protection circuit are built and tested on the basis of simulation. 

(1) The main circuit parameters of PWM rectifier open-loop experiment 

are as follows, AC power line voltage is 220V, inductance L=6mH, resistance R= 

0.5Ω, direct side filter capacitance is 1360 μF, load resistance RL=20Ω, and 

switching frequency is set at 6kHz.Set the initial phase ξ=30° and modulation 

M=0.8. The experimental waveform is shown in Fig. 7. The experimental results 

are UDC=460V, φ= 6°, which is basically consistent with the theoretical 

calculation results.  
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Fig.7: Output waveform of rectifier when ξ=30 ° and M=0.8 

 
Fig. 8: Output waveform of rectifier when φ = 0° 

 
Fig.9: Output waveform of rectifier when φ = 25° 

 

(2) The main circuit parameters of PWM rectifier closed-loop experiment 

are the same as those of open-loop experiment. (1) Set UDC*=400V, φ*=0ºand the 

experimental waveform is shown in Fig. 8. The experimental results show that 

UDC= 400V, φ*=0º. (2) Set UDC* = 400V, φ*=25º (lag), and the experimental 
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waveform is shown in Fig. 9. The experimental results show that UDC = 400V, 

φ=24.5º. 

From the experimental waveforms, we can see that the DC voltage output 

is basically stable, the phase of phase a current waveform is basically consistent 

with the voltage waveform phase, the system power factor is about 1, and the 

steady-state performance of the system meets the requirements, which indicates 

that predictive current control can achieve the desired goal. 

(3) Battery charging test. After startup, the closing indicator light is on 

(green), and the constant current indicator is on. When the constant current 

charging reaches the set voltage value, the pulse depolarization charging is started 

to eliminate the over-voltage phenomenon caused by constant current charging, so 

as to make time and technical preparation for automatic switching to constant 

voltage charging. At this time, the control system continuously identifies the set 

value of depolarization voltage to constant voltage, and automatically switches to 

constant voltage charging after confirmation. When the charging current is 

constant with the voltage, the current will be gradually reduced to activate the 

deep layer of the plate, so as to ensure that the battery will not be overcharged, 

improve the ability of the battery to discharge continuously and ensure the safety 

of charging. The normal charging time is 8-12 hours, and manual shutdown is 

required after full charging. The voltage withstand test is conducted according to 

the test voltage values in Tab. 1 for 5 minutes between the charged parts insulated 

from each other and between the charged parts and the shell, and there is no 

breakdown or flashover phenomenon. 
Table 1 

Rated operating voltage and test voltage 

Rated operating 

Voltage U(V) 
U≤60 60<U≤300 300<U≤660 660<U≤1140 

Test voltage U(V) 380 660 1140 2000 

7. Conclusion 

In this paper, the rectifier of mine electric locomotive charger is studied. 

The active front-end PWM rectifier is used as AC-DC link for power supply. The 

vector control model of PWM rectifier is studied in detail. The predictive current 

control strategy is adopted based on the active front-end rectifier. The 

experimental results show that the control system designed in this paper can fully 

meet the requirements of mine electric locomotive charging device. Through the 

trial use of the battery, it can basically meet the requirements of stable charging, 

fast response, stable output and wide adjustable range (the charging device can 

work normally under the condition of ± 5% grid voltage fluctuation and can 

ensure constant current operation under 70-100% rated output current, and its 

constant current accuracy is not less than ± 5%). Thus, the system has good 
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security. 
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