A Cost-Oriented Control Strategy for Energy
Management of a Dual-Mode Locomotive

Chao Jia, Wei Qiao, and Liyan Qu
Power and Energy Systems Laboratory
Department of Electrical and Computer Engineering
University of Nebraska-Lincoln
Lincoln, NE, 68588-0511, USA
cjia@huskers.unl.edu; wqiao3@unl.edu; lqu2@unl.edu

Abstract—Energy management plays a significant role in
a dual-mode locomotive with multiple power sources.
According to the energy cost analysis for different power
sources, a cost-oriented control strategy (COCS) is
proposed to allocate the power and manage the energy for
a dual-mode locomotive with multiple sources, including a
DC overhead line, a fuel cell (FC), a battery (BAT), and a
supercapacitor (SC). The COCS won the second-place
prize in the IEEE Vehicular Technology Society (VTS)
Motor Vehicle Challenge 2019 with a total operational cost
of 6.06 € for the scoring cycle. Based on the COCS, an
improved strategy COCS+ is developed after the challenge
to further decrease the global cost. Simulation results show
that the COCS+ performs better than the COCS in
reducing the DC line electricity costs and the lifetime costs
of the FC, BAT, and SC. The global cost is drastically
reduced to -4.69 € when using the COCS+.

Keywords—battery (BAT), dual-model locomotive, energy
management strategy (EMS), fuel cell (FC), supercapacitor (SC).

[. INTRODUCTION

The adoption of -electrification and hybridization
technologies has been proved to be one proactive strategy to
reduce pollutant emissions and fuel consumption of on-road
vehicles. In recent years, there has been a clear trend towards
accelerating the transfer of the electrification and hybridization
technologies to off-road vehicles [1]. In hybrid electric and all-
electric vehicles, the energy management strategies (EMSs)
play a key role to manage the power flows between different
energy sources in an efficient way to fulfill the advantages of
the electrification and hybridization technologies. This is the
primary reason that the IEEE Vehicular Technology Society
(VTS) launched the annual Motor Vehicle Challenge (MVC) to
promote the development of EMSs for hybrid electric vehicles.

After the success of the first two international MVCs, the
third MVC was launched during the 2018 IEEE Vehicle Power
and Propulsion Conference (VPPC) in Chicago, IL, USA [2].
The competition is focused on the EMS of a dual-mode
locomotive, which can be powered by a non-reversible DC
overhead line through a catenary or on-board fuel cell (FC)
with a hybrid energy storage system including battery (BAT)
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and supercapacitor (SC). The participators are required to
propose an EMS to reduce the operational costs that consist of
hydrogen and electricity costs and increase the lifetime of the
on-board energy sources.

Due to several advantages, FC has offered great potential
for sustainable transport. FC is an electrochemical energy
conversion device that generates electrical energy with heat
and water vapor from chemical reactions [3]. Thus, it is a
viable option to achieve zero-emission vehicles. The hydrogen
tank used in FC systems can be refueled quickly, typically in
several minutes [4]. Moreover, FC vehicles (FCVs) outperform
battery electric vehicles in terms of driving range. However,
FC has some limitations associated with its slow transient
response [5]. High dynamical loads and start-stop operations
lead to considerable lifetime degradation of FC systems. To
meet the load demand with a highly changing power and
prolong the lifetime of FC, energy storage devices (ESDs) with
fast dynamics, such as BAT and SC, are usually incorporated.
Moreover, vehicle kinetic energy can be absorbed by ESDs
during the regenerative braking process to reduce the energy
consumption. In the last decade, substantial research efforts
have been devoted to developing FC-powered locomotives and
trams based on combinations of different sources, such as FC-
BAT [6]-[8], FC-SC [9], [10], and FC-BAT-SC [11]-[16].

The combination of FC and ESDs further underpins the
importance of the EMS. Numerous EMSs for FC-based hybrid
locomotives, including rule-based control strategies [6], [8],
[9], [11], [16], equivalent consumption minimization strategies
[7], [10], [13], predictive control [12], and filtering-based or
frequency decoupling control strategy [14], have been reported
in the literature. However, none of the locomotives studied in
these references is connected to an overhead power line. In this
MVC, the dual-mode locomotive can be powered by a DC line
and an on-board FC-BAT-SC energy system. The DC line
leaves an additional degree of freedom in fulfilling the power
requirements of the locomotive, which, however, introduces
more challenge to design an advanced EMS.

To distribute the power from different sources
economically, it is crucial to compare the corresponding
operational costs. In this work, an energy cost (EC) is defined
for each power source. Different power sources are ranked
according to their ECs. Then, a cost-oriented control strategy
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(COCS) is proposed. The core rules of the COCS are extracted
based on the EC analysis for different power sources. The
proposed COCS is a combination of rule-based, filtering-
based, and conventional proportional controllers, as well as
saturation regulators (SRs) for physical constraints.

Although the COCS achieved good performance in the
MVC, it does not fully exploit the EC analysis results. An
enhanced strategy COCS+ is designed to split the power with
less costs. COCS+ forces the FC to work at the point with the
smallest EC and enables the BAT instead of the SC to be
responsible for the power range where the BAT’s EC is lower.
Compared with the COCS, the COCS+ greatly decreases the
global cost from 6.06 € to -4.69 €.

The rest of this paper is organized as follows. The
locomotive model and operational costs of each power source
are described in Section II. Section III presents the EC analysis
and the proposed COCS and COCS+. Simulation results are
provided and discussed in Section IV. Section V summarizes
the work.

II. MODEL AND COST DESCRIPTIONS

A. Locomotive Model

Table I lists the parameters and variables of the model.
Subscripts in this paper are summarized in Table II. The
structural scheme of the dual-mode locomotive is shown in
Fig. 1 [2]. It can be powered by a non-reversible DC overhead
line through a pantograph or by an on-board polymer
electrolyte membrane FC (PEMFC) with a Li-ion BAT and an
SC. All of the energy sources are connected to a DC bus [2].
The electrical relationships of the studied locomotive are
synthetized in Table III [2]. A MATLAB/Simulink simulation
model is built with the Energetic Macroscopic Representation
(EMR) [17].

TABLEL  MODEL PARAMETERS AND VARIABLES
Symbol Variables Units
A current A
E energy kWh
J current density A/cm?
m mass flow g/s
N start number of FC -
p power w
0 capacity Ah
R resistor Q
Vv voltage Vv
toe use time h
load coefficient of the FC
o . . R
degradation function
A degradation degree -
5 load coefficient of the FC
X . .
degradation function
n efficiency -
FC,, FC cost of per unit of power €/kW
SC,,., SC cost per unit of energy €/kWh
B, BAT cost per unit of energy €/kWh
N, cogt of the electricity network per £/MWh
unit of energy
S ON-OFF State -
S active surface of a fuel cell cm?

cell

ifne  Rine i lpanto

FC subsystem pantograph E
P e ke | w2 lcoupa Tesigt = e Heait &
i ) 3 7 57 fraction
| Lie i = . B T part
\ Kl ' b
fcoup i irb DC bus Taux
S e i R > wibes:
e [ [ [ b
3 7 i . 3
i BAT HEEEL.-‘ chopper I:: 4| :’er::l[:)%J {auxiliary
: “ - — - : [ 3 b 4
: ise sl | & i
T ’ ':'— 1 |
I| - ﬁEﬂmopper o -_J-__
. ~ s

Storage subsystem

Fig. 1. Block diagram of the dual-mode locomotive.
TABLE II.  SUBSCRIPTS
Symbol Meaning Symbol Meaning
b, B battery avg average value
fe,FC fuel cell cmd command value
H, hydrogen meas measure value
net electricity network max maximum value
sc, SC supercapacitor min minimum value
Rb brake resistor rat rate value
sust charge sustaining ref reference value
de boost chopper tot total value
panto pantograph line DCline
TABLE III.  ELECTRICAL RELATIONSHIPS OF THE STUDIED LOCOMOTIVE
Ugelge—
iy = w with Xe[b, sc],
dc-xUx
lge—x = idc—X—ref
BAT and SC { ;
Ugc > Ux (1)

boost chopper

and {

iX—mL‘n = iX < iX—mux;

Y= 1 if udcidc—X =

0 .

y =—1if ugcige_x <0’

ifc
FC boost
chooper

_ udc"dc—fc

ndc—fcufc

i =
With{dc fe

0 < ife < lfcomax

and

d.
Apin Salfc <

idc—fc—ref.
Uge > Use !

(2)

)
Amax

DC line and {i

Pantograph connect (ON)

line = lpunto =

Rline

Ujine — Uqgc

()

=0

pantograph

{Pantograph disconnect (OFF)

Liine = lpanto = 0

(4)

Braking resistor

igp = lgp—ref With igy =

0 (5)

DC bus

Leoups — leoups = Cac Eu

dc (6)

Lcoupl = lgc-p + lac—sc

(7)

lcoupz = lcoupl + de—fc

(8)

Current nodes

LcoupB = Lcoupz + 13:3)

(9)

leoups = leoups + lpanto

(10)

lcoups = lract + laux

(11)




Mathematical models of the FC, BAT, and SC are briefly
resumed for the purpose of the EMS design. The FC model is
defined by the polarization curve: the voltage of one cell is a
function of the current density. Then, the FC output power can
be derived as a function of current shown in (12) and Fig. 2.

{V/ecell =f (J/e—rell )
J fe—cell = l‘ﬁ'/ S et

%109

=V = f(ifc) =Pk = f(ifc) (12)
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Fig. 2. FC output power versus current.

The BAT is modelled by using the open-circuit voltage
and a series resistor. Both parameters are indexed with the
State of Charge (SoC). The SC is modelled based on an
equivalent circuit model named Zubicta-Bonert model [18],
which is composed of two RC branches.

B. Operational Costs

When the locomotive is operated to follow the speed
profile, the current required for traction and auxiliary
subsystems is imposed on the DC bus. As shown in Fig. 1, the
EMS is responsible for managing four different power sources
to meet the demand currents. Moreover, the proposed EMS is
expected to minimize the energy consumption, such as
electricity and hydrogen, and increase the lifetime of the FC,
BAT, and SC. At the same time, the physical constraints on
the FC, BAT, SC, boost choppers, and DC bus should be
satisfied over the whole speed profile. In this challenge, a
unified approach is adopted to measure the operational costs
of different power sources, which are defined in (13)-(23),
where €,,; is the cost of the electricity from the DC line; €y,
is the hydrogen cost; €., €, and €, represent the lifetime
degradation costs of the FC, SC, and BAT, respectively.

€tor @)= €net ® + €H2 ® + €fc ® + €5¢ @® + €p ® + €sust ®)
(13)

€nee(t) =< 0‘:’1 5 o (14)

€4,(0) = 1202“' [ i, () (15)

€fc(t) jc rat FC(nvtAjc )/1 03 (16)

Af ( ) thartAstart ) + J‘O’ 5(t)dt (17)

1) a
(1) =—2-|1+
( ) 3600 P?

fo—rat

(Pﬁr(’)—Pﬁ'm,)z] (18)

€SC (t) = Erc )atSCt:ostAvc (t) (19)
A, (1)=1,/(30%10%) (20)
€b (t) Eb )atBrortA (t) (2])
1 .
5 ()= 3500515710 0, Uf (S0C,)* g (iy) iy (1) 22)
€oust (O =21y g * Epna T i seavg * Ervana)  (23)
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Since the final SoC of the BAT and SC may be different
for each participant’s real-time EMS, a charging sustaining
cost €4,,¢; 1s used to sustain the SoC. Negative and positive
penalties mean that the BAT and SC have been charged and
discharged, respectively.

C. Costs Reformulation

It will be more convenient to define the total operational
cost of each energy source as follows.

€FC = €fC + €H2 (24)
NC().S
€p = €b+ 10 : Ne-s- avg *Eb—end (25
N
€SC = €SC+ 1603—" 77dc sc—avg Escfend (26)
Thus, the total cost is transformed as
€rot (1) = €ner (V) + €pc () + €5c (1) + €5(0) 27)

Since the “always-on” strategy is adopted for the FC, the €,
in (24) does not take the start-stop degradation into account.
This will be explained in the next section.

III. COST ANALYSIS AND EMS DESIGN

A. Energy Costs

To split the power economically among different energy
sources, it is critical to analyze and compare the operational
costs incurred by each energy source. Through a
comprehensive analysis of the energy source models and
operational cost equations (14)-(26), the EC of each energy
source is defined as following for a fair ranking of different
energy sources.

€ (px dc) if + 0
ECe ={ Ipracl Px-de x € [B,FC,net,SC],  (28)
0 if Px—dc = 0

where p,_q4. represents the power flowing into or drawn from
the DC bus.

The efficiency of the boost choppers is considered for the
power transfer between the energy sources and the DC bus.
According to (28), EC, can be directly derived as a function of
Dx—ac for x € [FC,net,SC]. The pg_4. depends on both the
BAT current and SoC, so does the ECp.

According to the EC, values of different energy sources
plotted in Fig. 3 and Fig. 4, the following results can be
obtained.
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1) If py_gc >0, the ranking ECr, < EC5c < ECper < ECp is
true except for the condition when p,_4. is very low.

2) If py_ge <0, ECs. < ECy, is guaranteed except for the
small range where p,_g4. is close to zero.

B. Cost-Oriented Control Strategy (COCS)

1) FC Current Control

One drawback of the FC is slow startup. The start-stop
process also leads to a significant operational cost that is
illustrated in (17). To avoid these problems an “always on”
strategy is applied to the FC [6], [7]. Once the FC starts, it will
be kept to work continuously until the entire trip ends. Based
on the EC analysis, the FC provides the power with a lower
operational cost. The most economical operating point is at the
rated power p, ., with the rated current. Thus, the FC is

controlled by the DC-DC chopper to work at this point as
much as possible.

Rule 1. 1If the locomotive starts with the condition that the
DC overhead line is available, the FC remains off until the DC
line becomes unavailable.

Rule 2. After the FC starts, the output current is regulated
according to the SoC,. When the SoC, is smaller than the
reference value, the FC outputs the rated current all the time.
When the SocC}, is over the reference value, the output current
is linearly decreased with the excess.

There are several constraints on the FC and its de-dc like
the maximum power of dc-dec, and the maximum current and
current variation rate of FC. An SR is designed to satisfy these
constraints, as shown in Fig. 5.

2) SC Current Control

According to the EC analysis, the SC outperforms the
BAT in a large power range. Thus, it is preferable to use the

SC to provide or absorb power. A filter-based controller is
designed to allocate the output current of the SC, which is
responsible for the high frequency components of i ,,,;—ref-

Rule 3. During the regenerative mode, charge the SC
firstly.

Rule 4. During the traction mode, the SC is charged to
S0Csc_rep With a proportional controller (Ctrl,) when the DC
line is available. If the DC line is not available, the filter-based
controller (Ctrlf) is used to charge and discharge the SC.

Then, the value of ig._s.—ref is managed by the SR to
satisfy the constraints on the maximum power of the chopper
as well as the output voltage and current of the SC.

3) BAT Current Control

After the output currents of the FC and SC are decided, it
is simple to obtain the required current of the BAT.

Rule 5. If the DC line is active and SOC,, is less than the
reference value, the BAT is charged with a larger current.
Since the charging current is negative, the min function is used
in (31).

Rule 6. 1f the DC line is unavailable and SOC, is not less
than the reference value, the BAT is charged.

Similar to the SC, an SR is used to limit igc_p_rer under
the constraints of the BAT and the chopper.

According to the above analysis and combining the current
control loops described above, the complete COCS is
obtained, as illustrated in Fig. 6.

C. Enhanced Strategy COCS+

According to Fig. 3 and 4, the FC has the least EC among
all of the power sources when the power sources are providing
power. Therefore, the FC should be started as the trip begins
and kept working at the rated power, which is different from
Rule I and Rule 2.

Besides, it is worth noting that EC,, is not continuous at
the point of zero power, which is a local minimum. As
mentioned above, EC,. < EC, cannot be guaranteed in the
small range near zero power. Thus, if the required power of
the SC is located in this range, the SC does not operate. Due to
less costs, the BAT is assigned to absorb or provide power.
Both the filter-based controller and the proportional controller
can be avoided. The current commands for the FC, SC, and
BAT are calculated with (32)-(34). The COCS+ can be
implemented by replacing (29)-(31) with (32)-(34),
respectively.

IV. SIMULATION RESULTS

The proposed COCS is tested with three driving cycles
that are provided by the MVC. Every cycle consists of a speed
profile, DC line ON-OFF states, and an auxiliary current
profile. Fig. 7 shows the speed profile and ON-OFF states of
each cycle. Participants are ranked on the basis of the cost
function with an unknown scoring driving cycle [2].
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The operational costs of the three cycles are listed in Table 60 Low Speed Cyde
IV. The value of €, is related to the amount of the used time ig i .
of the FC. The result indicates that the SC is kept working z e
during the entire cycle. The SC current control in the COCS $F = N MY
fails to reduce the lifetime cost of the SC. In addition, a T i e T
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and SC with the FC power rather than the electric power from % 23 He
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Fig. 6. Flow chart of the proposed COCS.

TABLE IV. OPERATIONAL COSTS OF THE LOCOMOTIVE
Cyde EMS €net €Hz €f(' €sc €b €sust €tot
Low COCS 294 008 427 062 238 -739 290
zpeed COCS+ 0.03 008 427 004 124 -410 157
ycle
Néediu;n COCS 1.11 0.08 426 0.62 1.60 -2.71 497
CCH
prcle COCS+ 0.00 0.08 427 023 138 -123 473
High COCS 191 007 425 062 338 420 1453
Speed  hcs+ 005 008 427 005 310 562 1328
Cycle
Scoring COCS 6.15 032 7.09 390 677 -18.17 6.06
Cycle COCS+ 045 0.53 575 030 598 -17.70 -4.69
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The COCS and COCS+ are tested with the scoring cycle
by the MVC committee and the authors, respectively. The
operational costs are presented in Table IV. Moreover, the
results of using the COCS+ are also illustrated in Fig. 8,
which shows the operation profiles of different power
sources.

V. CONCLUSIONS

Based on the comparison of the ECs of four different
power sources, a heuristic COCS was proposed for the
energy management of a dual-mode locomotive. The COCS
regulates the current commands of the FC, SC, BAT, and
braking resistor to reduce the total operational cost of the
locomotive and satisty the power demands and physical
constraints.

The proposed COCS won the second place in the IEEE
VTS MVC 2019 with a total operational cost of 6.06 € for
the scoring cycle. The total cost of the first-place winner is
6.03 €. Based on the COCS, an improved EMS COCS+ was
developed after the challenge to further decrease the global
cost to -4.69 €.
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