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Abstract:

The traditional train speed control research regards the train as a particle, ignoring the length of the train and the
interaction force between carriages. Although this method is simple, the control error is large for high-speed trains with
the characteristics of power dispersion. Moreover, in the control process, if the length of the train is not considered, when
the train passes the slope point or the curvature point, the speed will jump due to the change of the line, causing a large
control error and reducing comfort. In order to improve the accuracy of high-speed train speed control and solve the
problem of speed jump when the train runs through variable slope and curvature, the paper takes CRH3 EMU data as an
example to establish the corresponding multi-point train dynamics model. In the control method, the speed control of high-
speed train needs to meet the fast requirement. Comparing the merits and demerits of classical PID control, fuzzy control
and fuzzy adaptive PID control in tracking the ideal running curve of high-speed train, this paper chooses the fuzzy
adaptive PID control with fast response. Considering that predictive control can predict future output, a predictive fuzzy
adaptive PID controller is designed, which is suitable for high-speed train model based on multi-point. The simulation
results show that the multi-point model of the high-speed train can solve the speed jump problem of the train when passing
through the special lines, and the predictive fuzzy adaptive PID controller can control the speed of the train with multi-
point model, so that the train can run at the desired speed, meeting the requirements of fast response and high control
accuracy.
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1. Introduction

The technology involved in high-speed trains is a
concentrated expression of the top science and tech-
nology in rail transit, and it carries the country’s ma-
jor development strategy(Wu et al., 2017;
Wieczorek et al., 2018). High speed railway is pop-
ular because it can run efficiently by greatly increas-
ing the speed of trains. All countries in the world are
vigorously developing high-speed railways to meet
the growing demand for travel (Mikulski&Gorzelak,
2017). The key problem involved in the improve-
ment of train speed is that the train should adjust the
traction force or braking force in real time according
to the actual situation to achieve safe, reliable and
efficient operation. However, continuous speed in-
crement also requires faster control and higher pre-
cision in the operation of high-speed trains. There-
fore, by studying the dynamic characteristics of
high-speed trains to establish accurate train models
and applying advanced control theory knowledge to
design high-performance train controllers, it can im-
prove the comfort of high-speed trains, reduce en-
ergy consumption, and achieve high-precision speed
control.

The dynamic model of high-speed trains is the basis
for studying the speed control algorithm. The accu-
racy of the model is directly related to the control
effect of the algorithm. There are two types of high-
speed train models: single-point model and multi-
point model. The single-point model regards the
train as a particle and concentrates the force of the
whole train on this point for analysis. This model is
simple and easy to realize. However, the single-
point model ignores the length of the train and the
interaction between the carriages, which is further
different from the actual situation. It can not really
reflect the change of longitudinal force inside the
train. Moreover, when the train passes through vari-
able slope and curvature, the force analysis of the
model is quite different from the actual situation,
which results in a large calculation error. The multi-
point model regards each carriage as a point and the
whole train as a "point chain" for analysis. Since the
length information of trains is added to the multi-
point model, the additional resistance on ramps and
curves is evenly distributed according to the length
of the train. Therefore, when the train passes through
the point of changing slope or curvature, the influ-
ence of line factors on it is a gradual process, which
solves the problem of speed jump when the train

passes through the point. Yang & Sun (2001) ana-
lyzed the coupling mode between adjacent carriages
and established the multi-point train model. Ansari
et al.(2009) analyzed the influence of elastic coeffi-
cient, damping coefficient, train speed and accelera-
tion between vehicles on the dynamic characteristics
of the train model. Lin et al.(2010) analyzed that the
coupling force between carriages is a nonlinear
force, and proposes an improved sliding mode con-
troller, which improves the robustness of cruise con-
troller. Song et al.(2011) regarded the coupling force
between carriages as the internal force of the train
and proposes the model of ‘multi point-unit shift’.
Zhang&Zhuan (2013), Zhang&Zhuan (2014) and
Zhang&Zhuan (2015) linearized and discretized the
multi-point model of the train, and designed the op-
eration control algorithm of the heavy-load train
based on the model predictive control theory to im-
prove the control performance. Astolfi & Menini
(2002) studied the decoupling control problem of
multi-point model of high-speed train and designed
a state feedback controller. Chou & Xia (2007) con-
structed the performance index functions of penalty
speed tracking accuracy, coupling force between
carriages and energy consumption of train operation,
designed the train cruise controller based on LQR
method, and introduced AFC (adaptive fencing con-
troller) to merge the trailer carriages connected in
the same state, which reduced the complexity of the
controller. High-speed train is a kind of power-dis-
persed train. The dynamics of each carriage is dif-
ferent in the process of train operation. Therefore, it
is necessary to analyze the distribution of traction
and braking force of each carriage in detail when the
train is running. Based on the above research, this
paper selects the multi-point train model.

The research on train speed control algorithm at
home and abroad has gone through the process of
‘classical control-parameter adaptive control-intelli-
gent control-integrated intelligent control’(Liu et al.,
2000; Tang & Huang, 2003; Luo & Xu, 2013). At
present, China's high-speed train control system
mainly adopts classic PID control. Although the al-
gorithm is relatively simple and easy to implement,
PID control is mainly used to process linear systems,
while high-speed train is a complex nonlinear sys-
tem. Moreover, the effect of PID control is directly
related to the selection of parameters, and the PID
parameters are difficult to set up. Therefore, tradi-
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tional PID can not meet the requirements of fast re-
sponse and high precision for high-speed train con-
trol. Fuzzy adaptive PID can make up for the disad-
vantage that the parameters of traditional PID con-
troller can not be modified online. It has good con-
trol effect on complex nonlinear systems. Therefore,
this paper selects fuzzy control to adjust parameters
of PID controller, Kp, Ki and Kq online to form a
fuzzy adaptive PID controller(Liu et al., 2017; Ren
et al., 2017). Predictive control is suitable for com-
plex control processes which is difficult to establish
accurate mathematical models. It can adjust the cur-
rent control amount by predicting future output,
thereby reducing the current control error and im-
proving the control accuracy(Yang et al., 2011; Ma
et al., 2013; Chen et al., 2014; Wang,2016). There-
fore, combined with the advantages of predictive
control, the output of predictive control after correc-
tion is fed back to the fuzzy adaptive PID controller
to form a predictive fuzzy adaptive PID controller.

2. Train mathematical model

In the early passenger trains, traction was only pro-
vided by locomotives. With the development of
high-speed trains, a large number of power-dis-
persed EMU appear. For the power dispersed EMU,
the dynamics of the car is different, so the calcula-
tion of the traction force of each power car is worth
studying. The high-speed train is composed of sev-
eral carriages, and the adjacent carriages are con-
nected together by couplers. The CRH3 EMU con-
sists of four power cars and four trailers. Its structure
is shown in Fig. 1. The black circle in the figure in-
dicates that the car is a power car and the white circle
indicates that the car is a trailer. Each carriage of the
train is equipped with brake module .

The train is subjected to traction or braking force,
basic resistance, additional resistance on special
lines(including additional resistance of slope, curve
and tunnel), and coupling force from adjacent vehi-
cles due to different speeds.

TCo7 1c06 FCo5 BCO4 1c03 TCO2

Fig. 1. Basic composition of CRH3 EMU

2.1. Train traction characteristic calculation
Train traction characteristics refer to the relationship
between traction force and running speed(Hou,

2015). When the train starts, the maximum traction
force is required to overcome the starting resistance.
when the train speed is high, traction decreases as
speed increases. For CRH3 EMU, when its speed is
lower than 119 km/h, the train output quasi-constant
moment. When its speed reaches 119 km/h, P =8800
KW reaches the maximum power point, and then the
train power is constant. The relationship between
traction and power is shown in Formula 1.

_ P-3.6 )
v

Where F is the train traction , P is the train traction

power, and v is the train running speed.

Therefore, the traction formula of CRH3 EMU can

be obtained as shown in Formula 2.

300-0.2857v  0<v<119(km/h)

F= 2
8800x3.6 119<v <300(km/h) @
Vv

F

2.2. Train braking characteristics calculation
High-speed trains generally use air brake and elec-
tric brake. When the speed is high, the train uses
electric braking, and when the speed is lower than a
certain value, the train switches to air braking. When
both brakes are present, electric braking is used first.
For CRH3 EMU, this paper only considers the brak-
ing characteristics of electric brake.

The braking characteristics of CRH3 EMU can be
obtained as shown in formula 3.

59.8v v < 5(km/h)
B=)300-0.285lv  5<v <106.7(km/h) 3)
8800x36 106.7<v < 300(km/h)
v

Where B is the train braking force.

2.3. Train resistance

Resistance refers to an external force that hinders the
operation of the train and cannot be manipulated by
humans, and its direction is opposite to that of the
train. Train resistance can generally be divided into
basic resistance and additional resistance. The basic
resistance of train refers to a kind of resistance, such
as air resistance, which will exist when the train runs
on any line such as ramp, bridge, curve or straight
line. Additional resistance is the resistance of trains
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running in some special lines, such as ramps, curves
and tunnels.

2.3.1.Basic resistance

The basic resistance is one of the important parame-
ters in the train traction calculation. There are many
factors that cause the basic resistance, such as the
sliding frictional resistance between the wheel and
the rail, the rolling resistance of the wheel on the rail
and the air resistance. Since the factors affecting the
basic resistance are complicated and difficult to cal-
culate by mathematical formulas, empirical formu-
las obtained by a large number of experiments are
generally used in practical applications, as shown in
formula 4.

W, =a+bx+cx’® 4)
Where wo is the basic resistance of a unit mass train.
a, b and c are basic running resistance coefficients.

X is the speed of the train.

2.3.2. Additional resistance

The additional resistance of the train refers to re-
sistance other than the basic resistance when the
train is running on some special lines (such as curves
and ramps). It is not affected by the running state of
the train, mainly including ramp resistance, curve re-
sistance and tunnel additional resistance.

(1) Additional resistance on the ramp

The force acting on the ramp of a high-speed train
based on the multi-particle model is shown in Fig. 2.
If the total length of the train is L, the additional re-
sistance wa of the ramp for a unit mass train running
on a gradient line is shown in formula 5.

oL+ L, 5)

Wa:|: L

Where wa is the additional resistance to the unit mass
of the train on the ramp, i1 is the gradient of the train
on the first slope, iz is the gradient of the train on the
second slope, L1 is the length of the train running on
the first slope , L2 is the length of the train running
on the second slope.

Fig. 2. Schematic diagram of additional resistance
on the ramp of multi-point model train

(2) Additional resistance on the curve

Similar to the force analysis of the train on the ramp,

the additional resistance that the unit mass train re-

ceives on the curve is shown in formula 6.

AL AL ©
R L R L

Where ws is the additional resistance to the unit mass
of the train on the curve, R1 is the radius of the train
on the first curve, Rz is the radius of the train on the
second curve, L1 is the length of the train running on
the first curve, L2 is the length of the train running
on the second curve, A is the constant determined by
the test and is generally taken as 600.

(3) Additional resistance in the tunnel

When the train runs in the tunnel, the air resistance
is greater than that in the open area, and the in-
creased air resistance is the additional resistance in
the tunnel. The factors affecting the additional re-
sistance in the tunnel are complicated, so the empir-
ical formula is generally used in practical applica-
tions. Additional tunnel resistance to a unit mass
train running is shown in formula 7.

w, =0.00013L @)
Where wr is the additional resistance of the unit mass
train in the tunnel, Ls is the length of the tunnel.

In summary, the calculation formula of the total re-
sistance of the unit mass train during operation is as
shown in formula 8.

W= W, W W, @®)

2.4. Coupling force

Compared with the traditional single-point train
model, the multi-point train model needs to consider
the interaction between carriages. The EMU is a
multi-body system that is physically coupled by
multiple cars. The coupling relationship between the
cars can be expressed as an "elastic-damped" com-
ponent, as shown in Fig. 3. The kinetic equation is
expressed as shown in formula 9.

fi(i+1) =K% —%.) +d(% —%,,) 9)
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Where fig+1) is the coupling force between carriage i
and carriage i+1. xi and xi+1 are respectively the po-
sitions of carriage i and carriage i+1. X and %, are

respectively the speeds of carriage i and carriage
i+1. k is the elastic coupling coefficient of coupler
system. d is the damping coupling coefficient of the
coupler system.

i I+1
0 CO 0 CO

Fig. 3. Schematic diagram of the coupling force be-
tween adjacent cars

The multi-point dynamics model of train transforms
a single input single output nonlinear system into a
strongly coupled multi-input multi-output nonlinear
system. It can be expressed by formula 10. Where n
is the number of carriages included in the train. A,u,

is the traction force on the carriage j (u; represents

the actual traction or braking force. 4

the marking position for distinguishing the power
carriage from the non-power carriage. if 4; is 1, it

represents

means that the carriage is a power carriage. if 4; is

0, it means that the carriage is a non-power carriage).
m; is the quality of the carriage j. Bj is the braking
force of the carriage j.

Assuming that the air resistance of the train is all
concentrated on the locomotive, the multi-particle
dynamic equation of the high-speed train is shown
in formula 11.

m. X, = AU, —K(X

n

m;&; =AU —K(X; = X;0) = (% = X;) = K(X; = X,0) —d (¥,

mnxn = ﬂ‘hun - k(Xn - Xn—l) _d(xn - Xn—l) - mn(a+ bxn) - mnc)-(n2 W, — B

mJ'XJ' :ﬂ'iui _k(xi _Xi—l)_d(xj _Xj—l)_k(xj _Xj+1)_d(xj _Xj+1)_mj(a+bxj)_wj _Bj (J =2,

3. Design of predictive fuzzy adaptive PID con-
troller
Predictive fuzzy adaptive PID control system is
mainly composed of prediction module and control
module. The prediction module adopts Dynamic
Matrix Control (DMC). Its main function is to pre-
dict the speed of the train at the next moment, and
adjust the control amount of the train at the current
time according to the predicted speed, thereby re-
ducing the tracking error. The control module is a
fuzzy adaptive PID controller, which is used to con-
trol the traction and braking of the train to make the
train run at the desired speed. The structure of the
predictive fuzzy adaptive PID system is shown in
Fig. 4.
As shown in Figure 4, yr is the target speed. u is the
output of the fuzzy adaptive PID controller, which is
used to control the traction and braking of the train.
y is the speed of the train. ymis the speed prediction
value before error correction. yp is the speed predic-
tion value after error correction.
In order to make the speed y(k) of the train at time k
better follow the target speed yr, the output u of the
fuzzy adaptive PID controller at time k is taken as
the input of the prediction model to obtain the fore-
cast output ym. The predicted value and train speed
y(k+1) at time k+1 are sent to the feedback correc-
tion link to obtain the corrected predicted output yp.
By calculating the error e between the predicted
value and the expected speed, and taking the error as
the input of the fuzzy adaptive PID controller, a new
train speed control value can be obtained. Repetition
of the above process can make the high-speed train
run at the desired speed.

mixi:/11u1_k(x1_Xz)_d(&_xz)_ml(anb&)_mlCXﬁ_Wl_Bl

—%,.,)—m (a+bx)-mcx—w,~B, (j=2,--n-1) (10)

n

Mt = 44 =K =) ~d (%~ ) ~my(a-+5%) ~x?(3m,) v B,

- Xn—i) _d(Xn - Xn—l) _mn(a+bxn) W, — Bn
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Fig. 4. Structure of predictive fuzzy adaptive PID control system

3.1. Fuzzy adaptive PID control

Once the controlled object is selected, the parame-
ters of the traditional PID controller Kp, Ki, Kq can-
not be modified online, so the traditional PID control
is more suitable for the control system that can es-
tablish an accurate mathematical model, but its con-
trol effect on complex nonlinear systems is poor.
Fuzzy adaptive PID can make up for the shortcom-
ings of traditional PID. It has a good control effect
on the nonlinear system. The key to design a fuzzy
adaptive PID controller is to find the fuzzy relation-
ship between the three parameters of the PID and the
error e and the error rate ec. For the design of the
train operation controller, the error e of the ideal
speed and the actual speed and its change rate ec are
generally selected as the input of the fuzzy control-
ler, and then the three parameters Kp, Kj, and Kq are
modified online according to the fuzzy rule. In this
paper, the fuzzy adaptive PID controller is a two-di-
mensional controller with two inputs and three out-
puts. The error e between the expected speed yr and
the corrected predicted value yp and its change rate
ec are input. The output is the correction amount
AKp, AKi, AKq for the three parameters of the PID.
According to the control accuracy requirements, the
input and output variations are selected in 7 levels
{NB, NM, NS, ZO, PS, PM, PB}. The table of fuzzy
control rules with three parameters of AKp, AKi and
AKq is shown in Tables 1 to 3.

3.2. Predictive control

DMC is a predictive control algorithm based on step
response of object. At each moment & of the train op-
eration, it is necessary to determine the M control
increments from that moment so that the controlled

object's output predicted value at the next P mo-
ments is as close as possible to the expected value
under the action of the increment(Li et al.,2018; Lu
et al.,2016).

Table 1. Fuzzy control rules for AKp
ec

NB NM NS
NB PB PB PM PM PS ZO ZO

NO PM PM PS ZO NS NM NM
PS PS PS ZO0O NS NS NM NM
PM PS ZO NS NM NM NM NB
PB. Z0 7Zz0 NM NM NM NB NB

NB NM NS NO PS PM PB
NB NB NB NM NM NS ZO ZO
NM NB NB NM NS NS ZO ZO

NB NM NS NO PS PM PB
NB PS PS NB NB NB NM PS
NM PS NS NB NM NM NS ZO
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3.2.1. Predictive model
A control increment Au(k) is applied to the system

at time k, and the predicted P output values of the
future under the control are obtained as shown in
formula 12.

Yon (K) = Ypo(K) + AUy, (K) (12)

Where Au,, (k) is M continuous control increments
(Au,, (k) =[Auy, (K, k), -+ JAuy, (K+M -1K)]).
Yeu (K) is the predicted output value of the control-

ler in the future P time under the action of M control
increments  Au,, (K), P is the system optimization

time domain, and M is the system control time do-
main ( Yy (K) =[You (K+LK), -, Yopy (K + P, K)T
). (k+1,k) represents the prediction of the value of
time k+1 at time k; « is the predicted model vector
of the controlled object for the step response (
a=[o,a,---a]", N is the modeling time do-
main). Y,,(K)is the initial predicted value of the

system ( Yoo (K) =[Ypo (K +1K),--, Yoo (K +P,K)T").

It can be seen from the above formula that at any
time k, as long as the initial value y,,(k) of the ob-
ject is known, the predictive output of the future time

can be calculated by the predictive model based on
the future control increment.

3.2.2.Rolling optimization

In the process of control, excessive change of con-
trol increment should be avoided. In order to solve
this problem, soft constraints can be added to the op-
timization performance index. The optimization per-
formance index at time k is shown in formula 13.

minJ (k) =y, (k) = Yo (K)],” +AU (K], (13)

Where Q is error weighted matrix (Q =diag(qi, ---

qp), (q1, --- qp) are weighted coefficients, which
represent suppression of tracking error). R is the
control  weighting  matrix( R=diag(r,---1,)

r,--- 1, are weighted coefficients, which represent
suppression of changes in control). y, (k) is the de-
sired speed ( ¥, (K) =[y(k +1),---, y(k + P)]").

AU, (K) =(A"QA+R) T ATQLY, (K) — Ypo ()] (14)

Where 4 is the Px M matrix composed of the step
response coefficient a;.

a 0
A=la, . &
A By

From the above formula, the optimal value of
Au(k),- -+, Au(k+M —1) can be obtained, and the

control increment Au(k) at time k is taken as the

object. At the next moment, repeat the above process
to get a new control increment.

3.2.3. Feedback correction

In order to eliminate the deviation caused by un-
known factors such as model mismatch and environ-
mental interference in practice, the predicted value
obtained by formula 12 is corrected online by feed-
back correction method. By comparing the predicted
value with the actual system output y(k+1) at time
k+1, the output error is obtained as shown in formula
15.

ek+D)=yk+D) -y, (k+1Kk) (15)

This error reflects the influence of some uncertain
factors not included in the model on the system out-
put, which can be used to supplement model-based
prediction by predicting future output errors. The
e(k+1) weighting method can be used to correct the
future output prediction value of the system, as
shown in formula 16.

Yo(k+D) =y, (k+D+he(k+1) (16)

Where h=[h,h,,---,h, 1" is the correction vector.
Y,(k +1) is the corrected predicted value, which is

multiplied by the shift matrix and then used as the
initial predicted value of the next moment.
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4. System simulation and result analysis

4.1. System Simulation

4.1.1. Train model design

The train of the multi-point model is designed using
the parameters of the CRH3 EMU (Xie et al., 2017).
Taking the first power carriage as an example, the
simulation model is shown in Fig. 5. The other seven
carriages have similar structures except for the basic
parameters and the force. The model includes a trac-
tion module and a braking module. If the train speed
is greater than the desired speed, the train reduces
the speed by braking. If the train speed is less than
the desired speed, the train increases the speed by
pulling. In this model, fi is the coupling force from
the adjacent carriage, /> is the basic resistance of the
train, f3 is the additional resistance of the train, and
the force of the train is consistent with the actual sit-
uation. Therefore, it is reasonable to use the train
model to simulate the high-speed train.

4.1.2.1deal curve design

When the train is running, the actual line will not al-
ways be straight. It usually has special lines such as
ramps, curves and tunnels. According to the speed-
time curve designed in this paper, the train acceler-
ates at the beginning and runs at a constant speed af-
ter reaching a certain speed. When the train reaches
the parking position, the train starts to decelerate and
brake. The simulated v-t curve is shown in Fig. 6, in
which the maximum speed of train operation is

80m/s.
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Fig. 6. Ideal speed-time curve

4.1.3. Simulation model design

According to the principle and process of predic-
tive fuzzy adaptive PID control, a simulation model
is established in Simulink, as shown in Fig. 7.

In DMC model, the sampling time 75 = 1s, the model
length N = 60, the control time domain M = 1, and
the optimization time domain P = 15.

4.2. Simulation results

The CRH3 EMU with multi-point model is con-
trolled by traditional PID controller. The simulation
results of the previous four carriages are shown in
Fig. 8, the velocity tracking errors are shown in Fig.
9, and their acceleration curves are shown in Fig. 10.

Outl Ini i

welocity1

> 2 )
distance
Int p
oo |§|
s 5
f1
out Inf
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Fig. 5. The simulation model of the first carriage of CRH3 EMU
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Fig. 9. Multi-point model train PID control speed tracking error
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Fig. 10. Multi-point model train PID control acceleration curve
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The simulation results show that the maximum
speed tracking error of the first carriage is 1.6519
m/s and the average speed tracking error is 0.1725
m/s. The maximum speed tracking error of the sec-
ond carriage is 1.6514 m/s and the average speed
tracking error is 0.1724 m/s. The maximum speed
tracking error of the third carriage is 1.6527 m/s and
the average speed tracking error is 0.1721 m/s. The
maximum speed tracking error of the fourth carriage
is 1.6533m/s, and the average speed tracking error is
0.1723m/s. The acceleration fluctuation of the four
carriages is large, and the maximum acceleration is
3.4m/ 2.

In order to further reduce the tracking error, the
CRH3 EMU with multi-point model is controlled by
a predictive fuzzy adaptive PID controller. For the
previous 4 cars, the simulation results are shown in
Fig. 11. the velocity tracking errors are shown in Fig.
12, and their acceleration curves are shown in Fig.
13.

80 -

= 40 2 A\
1 /
&g o
/

20 ﬂ’ )

ol \

o

-10

0 100 200 300 400 500 600 700 800
Time (s}

Fig. 14. Speed tracking curve of single point
model without slope
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Fig. 16. Speed tracking curve of single-point
model with slope

From the above simulation results, the speed
tracking error of the predictive fuzzy adaptive PID
control of the single-point model is -0.0023m/s
when there is no slope on the line and the high-speed
train runs to 18500m. When there is a slope on the
line and the high-speed train runs to 18500m, the
speed tracking error is 0.4111m/s. The calculated
results show that the variation of speed with slope
on the line is 0.4134 m/s, which is 0.52% higher than
that without slope on the line.

For the CRH3 EMU with multi-point model, the
previous 4 carriages are used as an example. The
speed tracking curve and speed tracking error of the
predictive fuzzy adaptive PID control on the line
without the slope are shown in Fig. 11 and Fig. 12.
The speed tracking curve and speed tracking error of
the predictive fuzzy adaptive PID control on the line
with the slope are shown in Fig. 18 and Fig. 19.
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Fig. 18. Predictive fuzzy adaptive PID control speed tracking curve with slope on the line
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Fig. 19. Predictive fuzzy adaptive PID control speed tracking error with slope on the line
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From the above simulation results, taking the first  the problem of speed jump at the changing slope and
carriage as an example, the speed tracking error of the variable curvature on the line. In the control
the predictive fuzzy adaptive PID control of the method, compared with the traditional PID control,
multi-point model is -0.0125m/s when there is no the speed tracking error and acceleration fluctuation
slope on the line and the high-speed train runs to of the fuzzy adaptive PID control are obviously im-
18500m. When there is a slope on the line and the proved. The system has fast response capability,
high-speed train runs to 18500m, the speed tracking small tracking error and high control precision.
error is 0.0484m/s. The calculated results show that In this paper, the ideal speed-time curve of high-
the variation of speed with slope on the line is 0.0609 speed train speed control is designed according to
m/s, which is 0.08% higher than that without slope the ideal line. In the further research, in order to bet-
on the line. ter meet the actual situation, a real line will be se-
From the analysis of the above results, it can be seen lected to design the ideal speed-time curve of the
that the multi-point model of the high-speed train train.

can effectively solve the problem of speed jump at

the changing slope on the line, and the problem of ~ Acknowledgments o
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