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Modeling and Control of Heavy-Haul Trains

XIAOHUA XIA and JIANGFENG ZHANG

eavy-haul trains up to several kilometers long, as il-

lustrated in Figure 1, are widely used to transport

minerals in South Africa. The cost of train schedul-
ing and human resources can be reduced when long- and
heavy-haul trains are used instead of short trains. Energy
consumption, running time, and in-train forces are the
main concerns relating to the control of long heavy-haul
trains [1].

Braking control is a fundamental issue in heavy-haul
train operations when in-train forces and safe operation are
considered. As an improvement of the older pneumatic
braking systems, electrically controlled pneumatic braking
systems developed in the 1990s provide various benefits,
for instance, instantaneous response to the engineer’s com-
mands on all vehicles, graduated release of brakes, and
continual replenishment of braking air reservoirs [2]. To
improve the operational performance of heavy-haul trains,
energy-saving entails speed-switching or distance-switch-
ing algorithms, where the operation of a train consists of
periods of powering, coasting, and stopping [3], [4]. The
algorithms are based on a mass-point model, and the brak-
ing actions are assumed to be sparsely applied within the
cruising period.

In [5], a linear quadratic Riccati (LQR) optimal algo-
rithm is adopted to minimize the coupler forces and veloc-
ity deviations from their reference values. Due to the large
number of variables and the corresponding constraints, the
train model is simplified, and a linearized model is devel-
oped in [5] to calculate the control law. In [1], a heuristic
optimal algorithm is applied to compute the equilibria of
the system. The driving force is equally distributed to the
locomotives, while the braking force of the wagons is either
zero or evenly distributed to all wagons. This heuristic
scheduling sometimes results in clashes between wagons,
especially when one locomotive group is climbing uphill
and the other is driving downhill. In [6], an open-loop
scheduling algorithm is developed to optimize the equilib-
ria of train operation. Three strategies, namely, 1-1 strategy,
2-1 strategy, and 2-2 strategy, are presented below for mod-
eling operations of heavy-haul trains. Based on this open-
loop scheduling, an LOR control law is investigated in [7]
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with state feedback, and a speed regulator is also given in
[8] with partial speed feedback. Partial speed feedback is
used for fault-tolerant control in [9] to correct faults result-
ing from the braking system and sensors.

This article aims to provide an overview of the model-
ing and control of heavy-haul trains from an energy-
efficiency viewpoint. For this purpose, a unifying
classification of energy efficiency in terms of perfor-
mance, operation, equipment, and technology (POET) is
presented and then applied to heavy-haul train control
problems. A heavy-haul train is an energy system, and

FIGURE 1 Heavy-haul trains of Spoornet, South Africa. (a) is a
heavy-haul train transporting iron ore, and (b) is a heavy-haul train
transporting coal in the COALink line of Spoornet. Such a heavy-
haul train usually has about 200 wagons that stretch 2.5 km.
Extremely long trains up to 10 km in length are considered in the
business plan of Spoornet. (Courtesy of Spoornet.)
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FIGURE 2 POET classification. Measurement in a control system
or an energy system provides metered data to evaluate the exter-
nal performance of the whole system. Therefore, measurement
and meters are classified as performance efficiency. Load sched-
uling or energy control improves energy efficiency through the
control of internal system components, thus the open-loop solu-
tion, controller, load scheduling, and energy control are catego-
rized into operation efficiency. A demand limiter performs as an
actuator to implement the load scheduling plan; hence the demand
limiter and actuator correspond to equipment efficiency. The
design of energy devices and the control system needs advanced
technology relating to efficiency.

its cruise control can be viewed as an energy-efficiency
control under this classification of energy-efficiency
components. As shown in this article, heavy-haul train
control technologies can be included in POET-based
energy-efficiency control for operational performance
improvement of a heavy-haul train.

According to the IEEE energy-management standard
[10], the main components in energy management are
meters and measurement, demand and energy limiters,
highly efficient energy devices, energy-control systems,
and load scheduling. Figure 2 demonstrates a structured
one-to-one Correspondence between energy management
and control systems [11]. Energy-efficiency components
include management, operations, billing, maintenance,
conversion, and fuel [12]-[14].

CONTROL OF HEAVY-HAUL TRAINS

Traditional control of heavy-haul trains with pneumatic
control (PC) braking systems exhibits poor energy effi-
ciency, slow running speed, possible derailment, and lim-
ited train length [6]. Independent distributed power (iDP)
and electronically controlled pneumatic (ECP) braking sys-
tems are developed to overcome these difficulties [2]. iDP
allows multiple locomotives to be distributed within the
wagons and be independently powered. Electric brake sig-
nals are received by all wagons simultaneously in ECP
braking, and the braking effort can vary for different
wagons. ECP braking, used on a large scale by the train
operator Spoornet in South Africa on its COALink since
2002, shows improved safety and reliability. ECP braking
has a 40-60% shorter stopping distance, 7-15% energy sav-
ings, 20-25% increased brake block and wheel life, and
20-25% decreased coupler and draft gear failures in
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FIGURE 3 Comparison of PC and ECP. (a) and (b) show the perfor-
mance of PC and ECP braking systems, respectively. (a) and (b)
also show the times needed to increase or decrease the pressure
to given values for different control systems. This figure shows that
ECP can increase the pressure from 0 psi to 65 psi about 16.5
times faster than PC.

practical applications [15]. Figure 3 [11] from Spoornet
shows the advantage of ECP versus classical PC. For a train
with 150 cars, Figure 3(b) shows that ECP needs 10 s to
increase the braking pressure from 0 psi to 65 psi, while
Figure 3(a) shows that PC needs 175 s to increase to the
same pressure. The ECP, together with the iDP, operator
interface unit, train-line communication controller, train-
line power controller, and car control device, constitute the
EP-60 system, which implements train control instructions.
Therefore, the efficiency of EP-60 at the equipment level is
characterized by the requirement that specifications of the
equipment must be strictly adhered to. Usually the equip-
ment efficiency of EP-60 is monitored by the lower-level
controllers embedded in the control devices of the cars.

In evaluating equipment efficiency, EP-60 is usually
regarded as being separated from the train system and
having little interactive effect on other equipment. The
equipment efficiency of EP-60 is evaluated by its capacity,



specifications, constraints, standards, and maintenance.
For instance, the braking capacity of EP-60 is much higher
than that of the traditional PC; the American Railway Engi-
neering and Maintenance-of-Way Association’s standards
specifying the features and requirements in pneumatic
braking systems must be adhered to; and a well-organized
maintenance program is needed to keep equipment effi-
ciency at expected levels [16].

To analyze the in-train forces, we use the cascaded
mass-point model [1]-[4], [5], [17]

mos = s+ fin  —fin. —fi,5=1,2,...,1, 1)

X =0, —0Vs41,5=1,2,...,n—1, )

where m; and v, represent the mass and speed of the sth car,
respectively, x, is the displacement of the sth car, u; is the
drag or brake force, f, =firo, T fos faero, = Ms(co +
¢,05 + ¢, 07) is the aerodynamic force, and fo. =fo. T 1. is the
force due to track slope and curvature.

Due to the equipment limitations, the parameters and
variables in (1) and (2) satisfy the boundary constraints

U=u=U,i=1,2,...,n 3)
inSinSfin,/.:lrzr“'/n_l’ (4)

where U, u, Eins l?in' are constants [6]. In practice, the
control input u; corresponds to the traction and braking
force, which are limited by the capacities of the locomo-
tives and the braking system. Furthermore, the in-train
force f;, is related to the safe running of the train, for
instance, the safety range of the in-train force for
COALink trains is from -2000 kN to 2000 kN [15]. We
assume throughout the article that the train with n cars
in (1) and (2) has k locomotives, which are the [;th car, I,
thcar,..., ithcarwithl =L <L <---<[=n k=1
More involved models that include ride comfort are con-
sidered in [18] and [19].

Control Strategies

The control strategies labeled 1-1, 2-1, and 2-2 represent
different ways of driving the locomotives and braking the
wagons. In the 1-1 strategy, the control system has one
control signal for all the locomotives and one braking
signal for all wagons; for example, the following locomo-
tive can be driven in tandem with the leading one. In the
2-1 strategy, locomotives are powered and controlled
independently, while braking force is applied uniformly
for all wagons. In the 2-2 strategy, the locomotives and
wagons can be controlled independently.

For control system analysis, linearization of (1) and (2) at
an operating point is needed. Let f; (x]), v}(v,), and u{ be,
respectively, the in-train forces, velocities, and the control
input of tracking or braking forces in steady state, which is

chosen as the operating point of linearization, where
j=1,...,n—=1, i=1,...,n Then the train model is
rewritten as [7]

80, = (8uy + Ofyn_, — 8fin. — Ofa)/my,s=1,...,n, (5)
8% =80, — 8v;.q,j=1,...,n—1, (6)

where 8v, =0, — ) =v,~ v, Su,=1u;—ul, i = fin — fir,
ox; = x; — x?, and v, is the reference speed. When the
damping of the coupler is ignored, (5) and (6) are linear-

ized as [15]

6@5 = (5Ms+ks—16xsfl_k56xs)/ms_(C15+ ZCZSU,)(SZJS, s=1,2,...,n,
8% =80, — 8v;,1,j=1,...,n—1,

where k; is the linearized coefficient of the coupler with the
assumption ky = k, = 0. This model can be rewritten as

X = AX + BU, @)
where
X =col(8vy,...,80,, 8x),...,8%,_1),
U= col(éuy, ..., du,),
[A; A
A — 11 12:|,
_A21 AZZ
Ay = —diag(c;, + 26,0, ..., ¢, +20,0,),
A22 = O(nfl)x(n—l)/
B= B }
_0(n71)><n ’
Bl = dlag(m%z 7 %”)/
-0 0 0
oo 0 0
0 0 wE
0 0 0
1 -1 0 0 0
0 1 -1 ... 0 O
An=1|. . : N
0 0 0 1 -1

and the parameters k;,i=1,...,n—1, are chosen to be
constant.

The linearized model (7) has an n-dimensional input U,
which implies that there are n independent drag and brake
forces. Therefore, the physical model (7) corresponds to the
2-2 strategy.

If the controls uy, ..., u, are independent, then the 2-2
strategy needs an independent control signal for each car,
which is not practically possible because of the limited
bandwidth for control signals in the communication system.
Therefore, adjacent wagons that have the same mass and
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experience similar track conditions are controlled as one
group, and thus fewer control signals are needed [20]. With
this idea in mind, one control signal for different cars within
the same group is applied. Assume that the n cars are
divided into « groups, and the control inputs for the x
groups are Uy, . . ., U,. This kind of grouping of cars, which
is called fencing [20], assumes that a fence exists between
two adjacent groups. The notation F = [f,, ..., f. 1] repre-
sents the fencing, where ﬁ is the first car after the jth fence
[20]. For instance, F = [2, 4, 7] for a train with ten cars means
that there are three fences and thus four groups in the train;
the first group is the first car; the second group consists of
the second and third cars; the third group consists of the
fourth, fifth, and the sixth cars; while the rest of the cars

belong to the fourth group. Letting U = (U, ..., U,)", the
linearized model (7) can be rewritten as
X =AX+BU, 8)

where X and A are given in (7),

— B
B=lo, 2 )
Ot —1)xx

and B, is an n X k matrix. Note that when « equals n,
model (8) includes (7) as a special case. The rows of the
matrix B, can also be grouped according to the grouping
criteria.

A group is a set of row vectors from B, such that each
row of B, belongs to a group. Each group has rank one as a
set of row vectors, and each pair of vectors from different
groups must be independent.

An example for the 1-1 control strategy is a train with
five cars. For a fencing F = [2], we have

1 T
N (A o
The fencing F = [2] can be recovered by grouping the rows
of B, so that the first row and the remaining four rows form
the two groups, respectively. By using the grouping crite-
ria, this example can be generalized to the proposition
below.

PROPOSITION
Assume that a train has n > 3 cars, where k of them are
locomotives, the remaining n — k cars are wagons, and the
k locomotives include the L;th, Lth, . .., and /;th cars. Let B}
denote the submatrix of B, formed by the l;th, Lth, ..., and
Iith columns, and let B denote the submatrix formed by the
remaining columns of B,. Then the control strategy for the
train system modeled by (8) is as follows:
i) 1-1 strategy if and only if rank B, = 2,
ii) 2-1strategyifand only if rank B > land rank B3 =1,
iii) 2-2 strategy if and only if rank B} >1 and rank
B> 1.
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Furthermore, the structure of the matrix B, determines
the fencing F for the train model, and vice versa.

The 1-1, 2-1, and 2-2 control strategies are evaluated and
tested for their feasibility both technically [1], [20] and
financially [2]. These evaluations are used to assess tech-
nology efficiency for its feasibility, life-cycle cost [21],
return on investment [22], and capability of energy con-
verting, processing, or transmitting [23].

CONTROL OBJECTIVES

AND OPTIMAL CONTROLLERS

Control objectives of the train model can be formulated by
considering indicators of performance efficiency, which
are determined by external but deterministic system indi-
cators, such as running time, fuel cost, energy sources,
technical indicators, socioeconomic indicators, and envi-
ronmental impact. For instance, minimizing the objective
function

n—1
Ji= ;fiﬁ, (10)

can be used to optimize in-train forces, which provides a
technical indicator for safety [6]; minimal fuel cost is
achieved by optimizing [7]

n

)= 2”121
=1
and the desired velocity w;(t) of the ith car can be tracked
over a fixed time period [0, T] by minimizing

T n
h=| S0 -weya
Note that velocity tracking is both a technical and a socio-
economic indicator.

A multiobjective optimal control problem needs to be
solved if the goal is to minimize more than one of the objec-
tives [y, |5, J5. A typical approach to solving the multiobjec-
tive problem is to transform the problem into a single
objective optimal control problem. For example, [7] mini-
mizes both the in-train forces and the energy usage by
minimizing

n—1 n
J =K fa + K. >, (11)
i=1 i=1
where the weights of the in-train force and energy con-
sumption are Ky and K,, respectively. The weighting factors
K and K, indicate a balance between the safety and energy
costs. The objective function

T n

] = Kfnilfl%l, + Keiuiz + va E (vi(t) - wi(t))zdtl (12)
i=1 i=1 i

0i=1

indicates a balance among in-train force, energy consump-
tion, and velocity tracking, where K, is a weighting factor



TABLE 1 Comparison of open-loop heuristic scheduling and optimal control scheduling [15]. The first column corresponds to
heuristic scheduling and the three 1-1, 2-1, and 2-2 optimal control scheduling strategies. The notation |5v| is the absolute value of
the difference between the reference velocity and the mean value of all the cars’ velocities, |£, is the mean value of the absolute
values of all the couplers’ in-train forces, and E is the energy consumption. The labels max, mean, and std denote maximum value,
mean value, and standard deviations, respectively. In terms of the performance on velocity tracking and in-train force, the 1-1
strategy optimal scheduling is similar to the heuristic scheduling, while the 2-2 strategy has the best steady-state performance.

|87 (m/s) T£.] (kN) E

Strategy max mean std max mean std (MJ)

Heuristic 3.9179 0.8225 0.53 390.23 143.85 98.86 8520

1-1 3.7187 0.9410 0.54 392.13 144.81 101.83 11,400

2-1 3.5277 0.7460 0.54 420.31 118.51 70.42 23,300

2-2 3.0195 0.4152 0.46 498.59 141.43 103.73 16,400
for the velocity tracking part. This objective function is 52 _ — 25 2

OF | y : g P ] (f) = 1 2 3888 — 25i + 5i (f, + mia) (14)
similar to those used in [7] and [8]. t 2262 & 2 @ el
1 321230+ 5i — 2

Open-Loop Control () = ) > o (f, +mja). (15)

For open-loop control, the train is assumed to be in a
steady-state mode that satisfies [6]

dUl‘_ =192
dt—a,z— ,2,...,1,
dx;
—=0,7=1,2,...,n—1,
ar 0,7 n

where a is the acceleration, which is zero when the train is
cruising and 4, (—a,) when the train is running within a
scheduled acceleration (deceleration) period. These steady-
state constraints lead to the constraint [6]

n n
Su— D (f, + ma)=0.
= =

If the 1-1 strategy is employed, all of the locomotives
equally share the drag forces, and the brake forces for all
wagons are equal. Therefore,

(13)

U =u, =

1 2

Ly, ie{l,2,...,n\{l, L, ...

—, A
T = Uy

U; 7 lk}

To optimize the open-loop controller, let u; be the loco-
motive drag force, u, the wagon brake force, and | the
objective function to be minimized. Then the controller is
given by [6]

]

ouy

9 _

0,
auh

7

where

n

J=]+ ZA(ku, + =k, — >, (f, + m,ﬂ)),

=1
and A is the Lagrange multiplier. For instance, for a train
with 52 cars in which the first car and the last car are loco-
motives while all the other cars are wagons, the optimal
controller for the objective function (10) is [6]

i=1

The open-loop controller in (14), (15) shows that the
operation efficiency of the train is optimized by coordi-
nating various system components, which include
equipment and time. For example, the drag and brake
forces must match well with the in-train forces, accelera-
tions, and decelerations at each time to reach the opti-
mal objective.

The open-loop controllers for 2-1 and 2-2 control strate-
gies can be solved in a similar manner. The 1-1, 2-1, and
2-2 control strategies are compared to classical heuristic
scheduling in Table 1 [15] for the objective function (11)
with weighting factors K;= K, = 1. Table 1 shows that the
effect of heuristic scheduling and 1-1 control on velocity
tracking and in-train force are similar; however, 1-1 con-
trol consumes more energy than heuristic scheduling.
The 2-1 strategy has the worst performance on energy
consumption but the best in-train force performance,
while the 2-2 strategy has the worst in-train force perfor-
mance in terms of oscillation, the smallest speed-tracking
error, and the overall best steady-state performance with
respect to both in-train force and velocity tracking. Stud-
ies in [15] show that heuristic scheduling usually has the
best energy performance, but its velocity tracking error
and in-train force are greater than those obtained by the
2-1 and 2-2 control strategies. The velocity tracking error
and possible oscillations remain the major drawbacks of
open-loop controllers.

Closed-Loop Control

A closed-loop controller can be designed based on the
linearized system of (7). When an LQR controller is
designed, an objective function similar to (12) is chosen
as [7], [20]
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TABLE 2 Comparison of various closed-loop train control strategies [7]. The notations |6v|, |f,, E, max, mean, and std are
defined in Table 1. Control strategies C01, C02, and CO3 are, respectively, the closed-loop 1-1 strategy, 2-1 strategy, and 2-2
strategy based on heuristic scheduling; while C1, C2, and C3 are, respectively, the closed-loop 1-1 strategy, 2-1 strategy, and
2-2 strategy based on optimal control. The top part of the table compares these control strategies for the weighting factors
K, = K;= K,= 1, while the lower part shows the comparison for the weighting factors K, = K;= 1, K, = 10. This table shows
that the closed-loop 2-2 strategy provides better performance than others in terms of velocity tracking and in-train force.

|8¥| (m/s) [£.] (kN) E
Strategy max mean std max mean std (MJ)
K,=1 Co1 3.3241 0.4573 0.58 386.94 145.82 100.27 8700
Co02 3.3244 0.4539 0.57 376.78 145.30 99.32 8610
Ki=1 Co03 3.3241 0.4613 0.58 373.60 144.45 97.50 8470
C1 3.2274 0.4992 0.56 387.04 147.52 102.65 11,760
K,=1 Cc2 3.1405 0.4585 0.58 318.97 106.16 59.35 22,100
C3 3.0182 0.3166 0.48 454.50 97.40 86.44 16,500
K, =1 Co1 3.0412 0.3062 0.55 394.39 145.72 99.57 8620
Cco02 3.0413 0.3080 0.55 394.50 144.54 100.07 8550
Ki=1 Co03 3.0412 0.3085 0.55 369.24 144.61 96.63 8586
C1 3.0070 0.3372 0.57 382.57 147.38 102.40 11,100
K,=10 Cc2 2.9891 0.3629 0.53 344.95 108.57 67.20 21,800
C3 3.0225 0.2443 0.50 408.70 74.07 76.34 16,500
* n—1 n . . .
8] :J <Kf2 532 + K.ou2 + szz&fzz)dt, (16) tion can also be applied in the study of other energy-
0 i=1 i=0 management systems. For example, [24] studies the

which can be written as
8] = J (XTOX + U'RU)dt
0

for suitable matrices Q and R. The weights Kj, K,, and K, are
used to obtain tradeoffs among in-train forces, energy con-
sumption, and velocity tracking. Similar to the open-loop
control case, the LQR feedback controller U = —KX requires
that different system components act in a coordinative
manner at all times.

Table 2 from [7] provides a simulation-based compar-
ison for heuristic scheduling and optimal control under
the 1-1, 2-1, and 2-2 strategies for the objective function
(16), where the weights are chosen to be (K; K, K,) =
(1,1,1) or (1,1, 10). Table 2 shows that the strategies 1-1,
2-1, and 2-2 under closed-loop heuristic scheduling have
similar performance, whereas the 2-2 strategy under
closed-loop optimal scheduling has better performance
than the remaining strategies in terms of velocity track-
ing and in-train force. This closed-loop 2-2 optimal con-
trol scheduling also has better energy performance than
the corresponding closed-loop 2-1 optimal control
scheduling.

CONCLUSIONS

The modeling and control of heavy-haul trains are dis-
cussed in this article from the perspective of the POET
energy-efficiency classification. The POET classifica-
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relationships among the POET components for energy-
management systems with application to buildings and
conveyor belts.

ACKNOWLEDGMENTS

We are grateful to Dr. Claude H. Moog for his valuable
comments, Prof. Xiangtao Zhuan for his kind revision, and
Mrs. Mathilda du Preez for her text editing.

AUTHOR INFORMATION

Xiaohua Xia is a professor in the Department of Electri-
cal, Electronic, and Computer Engineering at the Univer-
sity of Pretoria, South Africa, and the director of both the
Centre of New Energy Systems and the National Hub for
Energy Efficiency and Demand-Side Management. He
was affiliated with the University of Stuttgart, Germany,
the Ecole Centrale de Nantes, France, and the National
University of Singapore before joining the University of
Pretoria in 1998. He is a Fellow of IEEE, a member of the
Academy of Science of South Africa, and a fellow of the
South African Academy of Engineering. He also serves as
the chair of the Technical Committee of Nonlinear Sys-
tems of the International Federation of Automatic Con-
trol. He has been an associate editor of Automatica, IEEE
Transactions on Circuits and Systems II, IEEE Transactions
on Automatic Control, and specialist editor (control) of the
SAIEE Africa Research Journal.

(continued on page 31)



Decentralized power plants, solar
energy, wind turbines, bioreactors, fuel
cells, and storage systems for electrical
energy all need highly sophisticated
control. Further areas are biomedical
engineering, environmental protec-
tion, and super economic combus-
tion engines, combined with electrical
drives for automobiles.

New technologies are much related
to microelectronics and their integration
into sensors, actuators, and any smart
devices. Sensor networks and video
cameras with scene recognition allow
new ways of controlling and monitor-
ing. Wireless transmission with energy
harvesting sensors allows a further type
of automation. Also teleservices add to
locally installed automation.

Hence, the future development of

to new technological developments. In
some cases the technological progress
is possible only with the aid of auto-
matic control, like spacecraft, rolling
mills, robotics, and future automatic
guided vehicles.

Do you have a teaching philoso-
phy? What advice do you have for
young instructors?

Rolf: Within the relatively abstract
field of system theory and control engi-
neering, when compared to other engi-
neering disciplines, one should at the
beginning keep things as simple as
possible. Good examples based on the
students” own experiences help a lot to
understand the basics and motivate the
students to get them curious to learn
more. Dynamics should be demon-

Behind all mathematical concepts the
physical laws should always be shown to
be satisfied. Then one can show examples
from practice where control engineering
was a major step forward to a convinc-
ing solution. Good examples from natu-
ral sciences, biology, and medicine may
underline the importance of automatic
control as an interdisciplinary science.

Outside of work, what are your
interests and hobbies?

Rolf: In addition to some sporting
activities like golf, I am member of the
Rotary Club Darmstadt-Bergstrasse.
Our flying club in Darmstadt enables
me to pilot a touring motor glider
Super-Dimona.

Thank you for speaking with CSM!

automatic control is very much related

strated by experiments with real systems.

Rolf: You're welcome. @
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