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Abstract. In order to realize the automatic control of train running process, a generalized predictive control
based speed controller is designed. GPC is a kind of control algorithm which is easy to be implemented.
Based on the GPC algorithm, the speed controller is combined with the stair-like control scheme, input
constraints and predictive feedback in this paper. Through the ATO simulation system, the controller is
proved to be useful and effective.
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1. Introduction

ATC (Automatic Train Control) system is the most important part of urban rail transit system. ATC
system ensures the safety and efficiency of urban rail transit system. By means of modern technologies such
as communication, computer and control, the functions of automatic operation, operation management,
commanding and dispatching are realized [1]. ATO (Automatic Train Operation) system is a subsystem of
ATC system, which is an important part to ensure the quality of train operation. ATO system has been
widely used in the control of urban rail trains [2].

In the application of the ATO system, the most widely used algorithm is PID which is the representative
of the classical control algorithm [3]. PID has advantages of easy realization and simple principles, but it is
lack of flexibility. PID controller will increase the energy consumption in the process of traction and braking
adjustment. And it is not conducive to the comfort of passengers. It cannot fully satisfy the growing demands.

GPC (Generalized Predictive Control) [4] is a kind of control algorithm based on prediction model.
Through the prediction model, online calculation, rolling optimization and feedback correction, the system
can achieve the target. Based on the GPC algorithm, the speed controller designed in this paper is combined
with the stair-like control scheme, input constraints and predictive feedback. The effectiveness of the
controller is verified by the ATO simulation system.

2. Automatic train Operation System

The main function of ATO system is to operate the train in place of the experienced driver. ATO system
can automatically adjust the running speed of the train and park the train smoothly. Besides, the ATO system
can improve the operation qualities such as efficiency and comfort. The tasks of ATO system rely on the
coordination of other subsystems of ATC system [5]. According to the real-time information such as speed
limit information, line parameters, speed and location received from ATP system, ATO adjusts the running
speed to adapt to the changing operation conditions. Fig. 1 shows the collaboration among the ATO system,
ATP system and ATS system.
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The train is the controlled object of the ATO system and the control input information are the traction
command and the braking command. The simplified process of adjusting the train speed by ATO system can
be presented as Fig 2. Ref (k) is the train target speed, u (k) is the control commands and y (k) is the actual

train speed.
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Fig. 1: Collaboration between ATO, ATP and ATS systems
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Fig. 2: Simplified Process of ATO

3. Design and Implementation of ATO Simulation System

3.1. Model of the controlled train

For the ATO system, it is necessary to establish a train model as the controlled object. Generally, the
slope of the train track is small, and the radius of the bend is much larger than the length of the train. The
train model based on single particle model can be established according to Newton's law. The resultant force
of the train is composed of traction/braking force and resistance.

dv/dt=cF
F=u-w (D
W=a, +aV+aV’
where, t is time, Vv is the speed, C is the acceleration coefficient, F is the resultant force of train, U is the
traction/braking force, W is the resistance; oo, 1, &2 are the resistance coefficients.
The train model of formula (1) is represented by the following discrete model.
y(k)=o' (k)8(k)+5(k) @

where, the definition of the parameter vector is @(K) and the information vector is @(K) .
0(k)=[a (k).a, (k). (K).d, (k)] 3)

o(k)=[y(k-1 .y (k-1)u(k-1).1] )

where, y is the speed; u is the traction/braking force; 5(k) is the random noise; ai(k) ,ax(k),bi(k), do(k)
are the parameters of the model.

3.2. Target speed

In the process of operation, the train needs to change the operating modes according to the external
environment. In the same environment, the different operating modes of the train will result in different
operation time and energy consumption. In order to keep the train running in high performance, it is
necessary to arrange the operating modes of the train reasonably.

The train operating modes can be divided into three kinds: traction, coasting and braking modes. There
are corresponding conversion rules between different operating modes. The train can change from coasting
mode to traction or braking mode directly. But there must be the coasting mode between traction mode and
braking mode.

The overall target curve uses the traction-coasting-braking transformation mode.

1108



Traction part uses quadratic function, the formula is as follows:

2
a(t—t) +v,,t <t<t
V= ( 0) ) 0> "0 1 (5)
—a(t-t,) +v,, f <t<t,
Braking part uses quadratic function, the formula is as follows:

2
- —a(t—t,) +v,,t, <t <t ©)

a(t—t,)) +v,,t <t<t,

The final train target curve is shown below.
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3.3. GPC based speed controller

GPC (Generalized predictive control) is a kind of predictive control algorithm which has been widely
used in industrial control. It has the characteristics of predictive model, rolling optimization and feedback
correction [6]. The controlled object is described by CRIMA (Controlled Autoregressive Integrated Moving
Average) model. Based on the GPC algorithm, the train speed controller in this paper is combined with the
stair-like control scheme, input constraints and predictive feedback. The structure of the train speed
controller is shown in Fig. 4.
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Fig. 4: Structure of the GPC Based Train Speed Controller

The target curve is used as the reference curve of train. According to the input and output data collected
from the train, the VFF-RLS [7] method is used to update the prediction model in order to ensure the
accuracy of the predicted value. The updated prediction model is used to estimate the multi step prediction
which will be compared with the reference curve. The original GPC method and stair-like control scheme are
combined to obtain the current optimal control input. According to the calculated optimal control input, the
control input of the next moment can be estimated. And we can use the estimated value to make
compensation to the input at current moment. Finally, according to the input constraints, the compensated
control input is modified. The advanced speed controller can not only track the train speed, but also improve
the control precision and the running stability.

4. Simulation

According to the train model and train control algorithm in this paper, the simulation experiment is
carried out based on the running data collected from Hangzhou line 4. The advanced speed controller based
on GPC is used to control the train. The effectiveness of the proposed controller is verified by the simulation
results.

The simulation results of the speed are shown in the following figure.
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Fig. 5: Control result under the advanced GPC

As can be seen from Fig 5, the advanced GPC speed controller can track the target speed accurately and
the controlled speed curve is quite smooth.

Under the same conditions, the original GPC speed controller is also used and the changes of the input
increment are compared with the advanced one. The results are shown in Fig 6.
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Fig. 6: Input Increment Results

Compared to the original GPC speed controller, the input increment of the advanced GPC speed
controller is smaller, which embodies the advantages of the stair-like control. Thus, the train speed controller
in this paper can reduce the cost of changing the traction/braking force in the control process.

When there are input constraints, the compared input results of the two controllers are shown in Fig 7.

3 T T T T N
= o an.anced GPC || 1201 advanced GPC |/
g ; ----- original GPC 100l R original GPC
9__) 1k l: I" -
(8] = = I/ -
£ of = E o /
5 r £ 601 ’
£ -1F 40+ i
3 : : : ‘ 20k ? : : ‘ el
0 500 1000 1500 2000 2500 0 200 400 600 800 1000 1200

(a) input increment compared results

k
(b)input compared results

Fig. 7: Input Constraint Results

According to Fig. 7, it can be seen that the advanced GPC speed controller can restrain the input, so that
the control input will not exceed the input constraints.
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Fig. 8: Overshoot Suppress Results

Fig. 8 shows the comparison of the overshoot suppress results of the two controllers.
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If there is overshoot when the train is running, it may lead to over speed or even cause emergency stop,
which will affect the safety of the train system. Fig. 8 shows that the controlled speed of the original GPC
exceeds the target speed, while the overshoot can hardly be observed in the advanced one. The controller
proposed in this paper has the advantage of suppressing overshoot.

The following figures show the control results of time-varying train model.
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Fig. 9: time-varying system control results

When the train model changes with the environment, the original GPC has mutation problem due to the
singular matrix inversion, and it cannot satisfy the control needs. Because of the stair-like control scheme,
the advanced GPC can avoid the computation of the inverse matrix and can track the target speed in time.

5. Conclusion

In this paper, a GPC based ATO simulation system is designed and implemented. The GPC based
controller is used to control the train speed and the results are compared with the original GPC controller.
The effectiveness and superiority of the controller designed in this paper is verified. The stair-like control
scheme is applied to avoid the matrix inverse operation. Besides, the future input are estimated and regarded
as feedback in order to suppress the overshoot. At the same time, the input constraints are considered so that
the controller can be applied in real ATO system. The simulation results show that the train speed controller
designed in this paper can satisfy the needs of ATO system and it provides a basis and reference value for the
application of predictive control in ATO system.
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