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ABSTRACT China’s railways are developing rapidly, and the charger of the auxiliary power supply system
is an indispensable part of the maglev train. The existing maglev train charger usually uses the traditional PID
controller to control the output of the charger which has a simple structure. To meet the requirements of the
maglev train charger output performance which is getting higher and higher, it is necessary to optimize
the control strategies which can achieve adaptive control of the system. In this paper, taking Qingyuan
maglev train as the research object, the control principle of the charger of the maglev train is studied, and
the simulation model of the charger of Qingyuan speed maglev train is built in MATLAB/Simulink. After
verifying its feasibility, the paper proposes fuzzy PID control to improve the charger control method, and uses
genetic algorithm to optimize fuzzy control membership function and fuzzy rules. Finally, the paper builds
a fuzzy PID controller simulation model, compares the output performance of the charger under different
control methods, and verifies the superiority of the new control method.

INDEX TERMS Maglev train, charger, fuzzy PID, genetic algorithm.

I. INTRODUCTION
Qingyuan maglev train has the advantages of small turning
radius, low energy consumption and comfort, which has great
potential in the development of urban transportation. The
auxiliary power supply system of medium and low speed
maglev train is one of the important components of the
maglev train electrical system mainly composed of auxiliary
converter, charger, suspension power supply, battery pack and
load [1]–[3]. The main function of the auxiliary power supply
system is to provide the electric energy of the maglev train
in addition to the traction motor. Among them, the charger
plays an important role of the whole train, which charges the
emergency battery and powers the DC load including the train
lighting facility, the DC cooling fan, the DC water heater, and
the train control system.

Maglev train charger technology mainly realizes the
control of battery charging and DC load power supply
by combining power electronics, signal processing and
automatic control principles [4], [5]. Among them, the
reference [6] proposed a fast charging strategy, and the
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constantly updated charging strategy has higher requirements
for the output accuracy of the charger.

The actual charger usually uses conventional PID control
for closed-loop control to ensure the reliability of battery
charging and the safety of DC load operation [7]. At present,
there is little literature to analyze the control method of
the charger for maglev train. Literature [4], [8], [9] mainly
studies the topology and control of auxiliary converter
of maglev train, Literature [10] designs and studies the
magnetic suspension power system. Literature [11] proposes
the control optimization of the integrated power system.
Literature [12] studies the control method of the independent
photovoltaic charging module of lead-acid battery. Litera-
ture [13] simulates the electric vehicle charging module and
studies the influence of the optimized control method on
the output of the charger. Little research has been put on
the optimization of charger control method in maglev trains,
therefore, the paper expect to study the charger topology and
control method of the Qingyuan maglev train, and introduce
fuzzy control technology to optimize the charger control
method of maglev train, in order to solve the problem of
weak anti-interference of conventional PID in the working
process of charger, and optimize the fuzzy PID control
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method by genetic algorithm to further improve the output
effect of charger. When studying the fuzzy PID control, it is
found that the parameters of the fuzzy control membership
function are difficult to determine, and the fuzzy rules are
not completely consistent with the charging control system.
In order to further improve the output performance of the
charger, based on the fuzzy PID control, the genetic algorithm
is used to encode and optimize the membership function
and fuzzy control rules in the fuzzy control, Thus, the
optimal membership function distribution and the optimal
fuzzy control rules of the charger are determined. It has
certain research significance for the follow-up research
of charger optimization of the Qingyuan maglev train
in China.

In this paper, genetic algorithm is proposed to encode
and optimize the membership function and control rules of
fuzzy PID, ITAE Criterion is selected as the optimization
standard, new membership function graphics and control
rules are obtained, and the optimization process is realized
by programming in MATLAB. This paper compares the
charger output characteristics of different control methods
in three cases, and determines the optimization effect of
genetic algorithm on Fuzzy PID membership function and
fuzzy control rules. The optimized fuzzy PID control charger
has good output performance and small output charging
current fluctuation, Finally, the simulation verifies whether
the charger under the new control method can basically
meet the output accuracy requirements of the optimized
segmentation strategy. The paper selects Qingyuan maglev
train as the research object to study the control method of
its charger, the maglev train charger model is built, and after
verifying the feasibility of the model, the paper proposes
fuzzy PID control method, uses genetic algorithm to optimize
the membership and control rules of the fuzzy PID control.
The paper compares the output results of the charger under
different control methods, and analyzes the advantages of the
genetic algorithm to optimize the fuzzy PID control method.

FIGURE 1. Overall schematic diagram of charger.

II. RESEARCH ON QINGYUAN MAGLEV TRAIN
A. QINGYUAN MAGLEV TRAIN CHARGER TOPOLOGY
Qingyuan maglev train is a new generation of medium and
low speed maglev train independently developed by CSR
Tangshan company. Figure 1 shows the block diagram of
the auxiliary power supply system charger of the Qingyuan
medium and low speed maglev train. The charger converts
the three-phase 380V AC power output from the front-end
auxiliary converter into DC power through the rectification
and filtering process, and then provides power to DC loads

such as the battery pack after inverter, transformer, secondary
rectification, and smooth filtering [4], [8], [9].

The main components of the charger for the auxiliary
power supply system of Qingyuan maglev train include a
three-phase uncontrolled bridge rectifier circuit and a DC
bridge converter circuit. The topology of the charger is shown
in Figure 2.

FIGURE 2. Topology of charger in auxiliary power supply system of
Qingyuan maglev train.

B. ANALYSIS OF CLOSED-LOOP CONTROL
MODEL OF CHARGER
The charger is composed of an uncontrolled bridge rectifier
circuit and a DC full-bridge converter. The uncontrolled
rectifier bridge circuit does not require a control unit.
Therefore, the closed-loop control system of the charger is
a full-bridge switching converter model, and the topology of
the full-bridge converter is shown in Figure 3.

FIGURE 3. Circuit of full bridge converter.

The full-bridge converter model is a time-varying system
and the calculation process is complicated. Therefore, it is
necessary to simply the model. The simplified circuit of the
full-bridge converter is shown in Figure 4:

FIGURE 4. AC linear model equivalent circuit of full bridge converter.
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The mathematical formula of the simplified model of the
full-bridge converter with transformer is as follows:

L
dîL(t)
dt
=
Vgd̂(t)
N
+
D
N
v̂g(t)− v̂(t)

C
dv̂(t)
dt
= îL(t) =

v̂(t)
R

îg(t) =
DîL(t)
N
+
IL
N
d̂(t)

(1)

IL , Vg,D are the inductor current, input voltage, duty cycle,
îL(t), v̂g(t), d̂(t), v̂(t) are small signal fluctuations of inductor
current, input voltage, duty cycle and output voltage.

FIGURE 5. Constant-voltage closed-loop control and constant-current
closed-loop control block diagram.

The control strategy commonly used in charger simulation
is the output single-closed-loop feedback control strategy.
Figure 5 shows the control block diagram when the
charger works under constant-voltage closed-loop control or
constant-current closed-loop control. The two both calculate
the error signal according to the feedback amount and the
expected value. The control amount Vc is calculated by the
PID transfer function and generates a duty cycle signal d
through bipolar PWM modulation method. The duty cycle
signal d controls the charger switching full-bridge converter
to complete closed-loop control.

The charger outputs a specific value according to the state
of charge of the battery pack. Because the charging method of
the battery pack needs to be controlled in different charging
stages, the voltage PID closed-loop control strategy and the
current PID closed-loop control strategy are combined to
control the charger output. The charger control block diagram
is shown in Figure 6.

FIGURE 6. Double closed-loop control block diagram of charger.

C. SIMULATION ANALYSIS OF POWER SUPPLY SYSTEM
FOR QINGYUAN MAGLEV TRAIN
Based on MATLAB R©/Simulink R©platform, the simulation
model of Qingyuan maglev train charger is built and the
parameters of the auxiliary charger of Qingyuan maglev train
are shown in Table 1.

In order to simplify the simulation, the paper chooses the
ideal three-phase AC power supply to provide AC voltage

TABLE 1. Charger simulation parameters.

for the charger, and the charger supplies power for the later-
stage load after starting. Figure 7 shows the overall simulation
model of the charging system of Qingyuan maglev train.

FIGURE 7. Simulation model of charger of Qingyuan maglev train.

FIGURE 8. Charger simulation model of Qingyuan maglev train.

Figure 8 shows the simulation model of charger for
Qingyuan maglev train.

Through simulation, the start-up waveform of the charger
is shown in figure 9 and the output waveform under the DC
load switching mode of the charger is shown in figure 10. The
expected voltage set is 115V.

It can be seen from the above waveforms that the charger
output voltage responds faster to DC115V, and output
fluctuation is less than 5%. There is no significant change
in voltage when switching the load, which meets the actual
system parameter requirements.

Figure 11 and Figure 12 show the experimental platform
of auxiliary converter and charger for Qingyuan maglev train
respectively. Figures 13 and 14 are the charger voltage and
current output waveforms of the experimental platform when
the charger is started and when the charger is put into the load
respectively.

VOLUME 9, 2021 152133



L. Zhang et al.: Application Research of Fuzzy PID Control Optimized by Genetic Algorithm

FIGURE 9. Charger start simulation waveform.

FIGURE 10. Charger simulation waveform under load switching condition.

Comparing the experimental results, it can be seen that the
output voltage and output current of the simulation model are
consistent with the change trend of the platform experimental
results during the operation process, so the simulation model
can be subjected to subsequent experiments.

III. FUZZY PID CONTROL SYSTEM BASED ON GENETIC
ALGORITHM OPTIMIZATION
A. FUZZY PID CONTROL METHOD
The traditional PID control cannot realize the adaptive tuning
of PID parameters. In order to further improve the output
performance of the charger, the fuzzy PID control algorithm
is used to adjust the charger system.

The basic idea of fuzzy PID control is to transform the
actual measured exact value into a fuzzy quantity, establish

FIGURE 11. Experimental platform for auxiliary converter of Qingyuan
maglev train.

FIGURE 12. Qingyuan maglev train charger experimental platform.

FIGURE 13. Output waveform when the charger starts.

a fuzzy inference rule base according to the set fuzzy rules,
get the specific control quantity after fuzzy reasoning and
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FIGURE 14. Charger output waveform under load switching conditions.

de-fuzzy, and complete the control flow [10]–[13]. In this
paper, the shape of the fuzzy membership function selects the
triangle, and the deblurring method selects center-of-gravity
defuzzification.

In this paper, e and ec are taken as the input of the
fuzzy control, e is the deviation between the expected output
and the actual output and ec is the rate of e. The PID
parameter correction 1Kp, 1Ki and 1Kd are selected as
output. The transformation between the fuzzy quantity and
the determined value is realized through the scale factor and
the function f (Ke, e), f (Kec, ec), f (K1kp,1kp), f (K1ki,1ki),
f (K1kd ,1kd), and the process is shown in figure 15.

FIGURE 15. Fuzzy adaptive PID flow chart.

The fuzzy domain of the fuzzy controller is divided into
seven cases {negative big, negative medium, negative small,
zero, positive small, median, positive big}, expressed by the
letters {NB, NM, NS, ZO, PS, PM, PB}. According to the
range of the fuzzy controller input e′ and ec′ in the fuzzy
domain after the transformation of the scale factor, the input
parameters can be blurred into language values to realize
fuzzification. The fuzzy rules are shown in Table 2.

Considering that the expected output of the charger in
different stages of the charger charging strategy is different,
and the variation range of the input e of the fuzzy controller
is different, the calculation formula of the scale factor of the
input e of the corresponding fuzzy controller is shown in (2):

Kek =
Ek
γkLk

, k = 1, 2, 3 . . . . . . (2)

k is the number of stages of the charging strategy of
the charger; Kek is the corresponding scale factor; Lk is the

TABLE 2. Fuzzy PID control rules.

maximum value of the input e of the fuzzy controller at the
corresponding stage; Ek is the boundary value of the input
fuzzy universe. The paper introduces the input scale factor
calculation coefficient γk to adjust the value of the scale
factor.

The calculation formula of the scale factor corresponding
to the input ec of the fuzzy controller is shown in formula (3):

Kec =
EC

σecmax
(3)

Kec is the scale factor corresponding to the input ec of the
fuzzy controller, EC is the boundary value of the input fuzzy
domain, ecmax is the maximum value of the input ec of the
fuzzy controller, the scale factor calculation coefficient σ is
usually in the range of 0.3-0.9.
K1kp,K1ki,K1kd are the scale factors of the fuzzy

controller outputs 1Kp,1Ki,1Kd. The calculation formula
is as follows: 

K1kp =
ωkpkpmax

Ykp

K1ki =
ωkikimax

Yki

K1kd =
ωkdkdmax

Ykd

(4)

Ykp, Yki, Ykd are the maximum values of the corresponding
output fuzzy domain, kpmax, kimax, kdmax are the parameters
of the closed-loop PID, respectively. ωkp, ωki, ωkd are the
calculation coefficients of the scale factor of the output of the
fuzzy controller.

B. FUZZY PID CONTROL OPTIMIZED BY GENETIC
ALGORITHM
The membership function parameters of fuzzy PID control
are usually determined by experience, which is lack of
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objectivity, and the fuzzy rules do not necessarily match with
the charger. Therefore, this paper uses genetic algorithm to
optimize fuzzy PID control parameters to improve the control
effect [14].

Genetic algorithm is a kind of optimization algorithm
developed by simulating the rule of ‘‘survival of the fittest’’
in the real nature. Its essence is to simulate the way in which
natural biological chromosome genes cross and mutate to
form new individuals, and to generate the optimal solution
by iteration. The basic steps include coding, establishing
objective function, selection, crossover and mutation. The
genetic algorithm optimization process is shown in figure 16.

FIGURE 16. Optimization process of genetic algorithm.

FIGURE 17. Optimization process of genetic algorithm.

The paper expects to optimize the membership function
and fuzzy rules of fuzzy control. First of all, the fuzzy
membership function is encoded in the form of floating point
number, and the endpoint {x1 x2 x3 . . . x7} at the bottom of the
triangle membership function is selected as the optimization
parameter, as shown in figure 17. For the fuzzy inference
system with two inputs and three outputs, the membership
function coding is composed of input codes {xe1 x

e
2 x

e
3 . . . x

e
7},

{xec1 xec2 xec3 . . . xec7 }, output codes {xkp1 xkp2 xkp3 . . . xkp7 },

TABLE 3. Fuzzy PID control rules.

{xki1 xki2 xki3 . . . xki7 } and {xkd1 xkd2 xkd3 . . . xkd7 }.When
the genetic algorithm is running, the variation range of
{x1 x2 x3 . . . x7} needs to be set.
Secondly, the control rules are encoded by binary code

string, and the seven language values of fuzzy language
variables are represented by 3-bit binary numbers to realize
the digital coding of fuzzy control table. Table 3 shows the
digital fuzzy control table.

Based on the above compilation of control rules, the
coding of 3 × 49-bit control rules is obtained, and then the
optimal value of control rules is obtained by genetic algorithm
optimization.

The genetic algorithm takes the fitness function as the
result of the optimization process to observe the optimization
effect, and uses the fitness function of the expressions (5)
and (6) to evaluate the performance of the controller.

J =
∫ t

0
τ |Y (τ )− yout(τ )|dτ (5)

F =
1

J + 1
(6)

In the expression, tn is the working duration of the
controller, Y is the expected output given by the system, and
yout is the actual output response of the system. The smaller
the value of J is, the better the performance of the control
system is.

The selection operation is the operationmethod used by the
genetic algorithm to select the genetic matrix. In this paper,
the roulette method is used to equate the optimization results
of different fitness to the regions with different areas in the
roulette. The chromosome is selected as the genetic matrix
through the position of the random function on the roulette.

Crossover operation is a method to simulate the genetic
exchange of genes on actual chromosomes. In this paper,
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single-point crossover is used to complete the genetic mater-
nal gene exchange according to the crossover probability.

The mutation operation simulates the chromosome varia-
tion in the iterative process of the actual population according
to the mutation probability to avoid the local convergence of
the optimization.

The parameters that need to be set in the execution process
include: population level M , population chromosome cross
transfer probability Pc, gene mutation probability Pm, genetic
algebra T , when M and T are too small, the optimization
result is not ideal, when M and T are too large, the iteration
time is more. When the crossover probability Pc is large,
the probability of recombination individuals is high and the
convergence is fast, but at the same time, the replacement
of old and new is too fast, and the phenomenon of prema-
ture elimination may occur. Therefore, this paper chooses
M = 50, Pc = 0.8, Pm = 0.01, T = 50.

C. THE RESULT OF OPTIMIZING FUZZY PID BY GENETIC
ALGORITHM
1) FUZZIFICATION OF INPUT
In order to simplify the operation, the input scale factor
calculation formula is divided into two cases, where an is
the expected charging current of the battery in the current
charging stage.

Ke =

{
0.15, In ≥ 24A
0.25, In < 24A

(7)

The scale factor Kec = 0.001.

2) DEFUZZIFICATION OF OUTPUT
The paper mainly focuses on the optimization of the current
loop of the double closed-loop PID control system. Through
trial and error method, the values of the conventional PID
parameters Kp0,Ki0,Kd0 of the current loop are 1.5, 15, 0.02,
the scope of the output domain is [− 6, 6]. Output scale factor
calculation coefficient ωkp = 0.65, ωki = 0.85, ωkd = 0.4.
After the output of the fuzzy controller is obtained, the actual
PID parameters for control are obtained according to the
following formula.

Kp = Kp0 +1Kp

Ki = Ki0 +1Ki

Kd = Kd0 +1Kd

(8)

3) ESTABLISHMENT AND OPTIMIZATION OF FUZZY RULES
After genetic algorithm optimization, the triangle member-
ship function bottom endpoint matrix of the input and output
of the fuzzy controller is obtained, and the e membership
function bottom endpoint matrix is [− 5.4576, −3.7893,
−2.5131, −0.5089, 1.6678, 4.2759, 5.6460], and the ec
membership function bottom endpoint matrix is [− 5.5548,
−3.2749, −2.1234, 0.6155, 2.8555, 4.6359, 5.6747]. The
output membership function bottom edge endpoint matrix
of Kp,Ki,Kd are [− 6.3146, −4.0020, −1.6361, −0.6782,

1.3340, 3.8661, 6.7715], [− 6.2051, −3.0129, 1.7914,
0.0276, 2.4579, 4.2189, 6.8223], [− 6.0804, −3.0269,
−1.1702, 0.9326, 2.8828, 4.1159, 5.5352].

The optimized fuzzy rules are shown in Table 4:

TABLE 4. Fuzzy PID control rules.

IV. ANALYSIS OF SIMULATION RESULTS OF CHARGER
Figure 18 shows the simulation model of fuzzy PID control
system based on the optimized fuzzy rules and membership
function.

FIGURE 18. Simulation model of fuzzy-PID control system.

A. COMPARISON OF OUTPUT RESULTS OF DIFFERENT
CONTROL METHODS AFTER SETTING EXPECTED VALUE
In this paper, a fuzzy PID control system is designed to
compare the output data, and genetic algorithm is used to
optimize the fuzzy PID to improve the control accuracy. The
expected output current is 24A, and the simulation output
effects of different control methods are observed.

Figure 19 shows the comparison of the current output data
of the charger of the Qingyuan maglev train under the three
control methods. It can be seen from Table 5 that the output
performance of the charger under the fuzzy PID control
optimized by genetic algorithm is better, the adjustment time
is reduced to less than 0.1s, and the output fluctuation is
reduced to ±1.5%.
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FIGURE 19. Optimization process of genetic algorithm.

TABLE 5. Performance comparison of different control methods under
normal working conditions.

B. COMPARISON OF CHARGER RESULTS WHEN
SWITCHING EXPECTED OUTPUT
The charger is set to change the expected output current at 5s,
and the output characteristics of the charger under different
control methods are shown in figure 20.

FIGURE 20. System simulation output with set current changed.

As can be seen from Table 6, the output performance
of the optimized fuzzy PID control system is the best,
and the optimized fuzzy charging control system needs less
adjustment time to achieve the expected output within 0.1s,
the overshoot is low, and the final output fluctuation is less
than 2.5%.

TABLE 6. Performance comparison of different control methods under
the condition of changing set current.

C. COMPARISON OF CHARGER RESULTS IN CASE OF
DISTURBANCE
Set the expected charging current of the charger to 24A, add a
disturbance signal with an amplitude of 10 and a duration of
0.01s at 7s, and observe the output result, as shown in figure
21 below.

FIGURE 21. Simulation output of charger under disturbance.

From the simulation results, it can be seen that the charging
control systems controlled by different methods under the
influence of disturbance can restore stability in a fast time.

V. CONCLUSION
The main research object of the paper is the charger control
system of Qingyuan maglev train. The charger control
method is studied theoretically, and the charger simulation
model is built. Through the analysis of the simulation results,
a fuzzy PID charging control system optimized by genetic
algorithm is designed on the basis of the original control
system. The specific contents of this paper include:

(1) The simulation model of Qingyuan maglev train
charger is built in this paper. On the basis of meeting the
requirements of the output results, the simulation output
curve is comparedwith the output results of Qingyuanmaglev
train experimental platform, and the change trend of them
is the same. The control research can be carried out in the
simulation model.

(2)The conventional PID control parameters cannot be
adjusted adaptively, therefore, a fuzzy PID control method
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is proposed based on fuzzy control theory. In view of
the difficulty in determining the parameters of fuzzy PID
membership function and the mismatch between fuzzy
control rules and charger, a genetic algorithm program is
designed to optimize the membership function and control
rules of fuzzy PID.

(3) The fuzzy PID simulation model is built, and compared
with the output results of the charger under different charging
control methods, it is concluded that the fuzzy control system
optimized by genetic algorithm can better reduce the error of
the charger and improve the output response performance of
the charger, which is of research significance.
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