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Abstract—The electrification of railroad transportation 
without overhead lines is of particular interest with regard to 
the reduction of air pollutants. An electrified hybrid train 
powered by a battery and a fuel cell is a promising topology to 
replace trains running with diesel. An energy management 
strategy has to utilize the advantages of both components the 
best and reach the lowest possible costs. To find this strategy, we 
implemented a detailed simulation model of the hybrid train. 
We benchmarked a rule-based energy management strategy for 
the distribution of the load against a dynamic programming 
(DP) and a quadratic programming (QP) optimization 
approach. The results show that the utilization of an 
optimization approach can reduce the fuel economy of a drive 
cycle by more than one third. 

Keywords—fuel cell hybrid train, battery hybrid train, energy 
management, battery model, simulation, operation strategy 

I. INTRODUCTION 
With the ongoing decarbonisation of most transportation 

sectors, many nations have the goal to advance the 
electrification of their existing rail network. However, diesel 
trains are still frequently used in rail freight transport and in 
rail transport services. In Europe, for example, regional trains 
with diesel propulsion are still common because of a lack of 
affordable alternatives [1]. In 2017, circa 26 percent of all rail 
lines worldwide were electrified, i.e. equipped with an 
overhead contact line [2]. In 2016, 52.8 percent of all railway 
tracks in Germany were electrified, while the percentage of 
electrified railway lines in Europe amounts to 60 percent [1, 
3]. A promising topology for trains operated in track sections 
without overhead lines is a parallel hybrid topology in which 
a fuel cell system and a battery system power the drive train. 
With its slow dynamic responsiveness, the fuel cell covers the 
basic demand for electrical power. The battery covers the 
dynamic requirements such as acceleration or 
recuperation [4]. The ability to recuperate braking energy is 
apart from the environmental aspect another advantage of 
electric trains over trains with diesel engines. If otherwise the 
fuel cell had to cover dynamic loads, it would leave its optimal 
operation point frequently. For the power distribution between 
the components, this inertia and the system boundaries of the 

components shall be considered. Within the framework of a 
research project, we investigate the technological feasibility of 
this hybrid train concept, implemented a comprehensive 
simulation model and aim to validate hardware components 
on a hardware-in-the-loop (HIL) test bench. The simulation 
model contains precise models of each power train 
component. In this model, an energy management unit (EMU) 
distributes the power between the battery system and the fuel 
cell system. In train operations, routes or speed profiles are 
typically predefined. This makes it possible for us to optimize 
the fuel economy for known drive cycles off-line beforehand. 

There are a number of sources dealing with the modelling 
of hybrid vehicles and their operating or energy management 
strategies  [5, 6, 7]. The goal of this research is to present 
different strategies for the power distribution and compare the 
operation strategies in terms of fuel economy. An on-line 
power distribution is compared to two off-line optimization 
approaches for the power distribution of the demanded load. 
One of the examined optimization approaches, dynamic 
programming (DP), is considered to find the optimal 
solution  [8, 9]. However, it is shown that a quadratic 
programming (QP) optimization approach can reduce the 
costs of the examined drive cycle and the calculation time of 
the simulation significantly. 

The target application of this simulation model is a 
hardware-in-the-loop (HIL) test bench, in which some of the 
hybrid train components are tested. The simulation model will 
be integrated into the control system of the test bench and 
perform energy management tasks. 

In the following, the simulation model as well as the 
strategies are described in detail. In section III, the simulation 
results of the operation strategies are shown and discussed. 

II. TECHNOLOGICAL CONCEPT 

A. The simulation model of the power train  
Figure 1 shows the investigated power train concept for 

the hybrid train. 
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Figure 1: Power train topology with the battery (Bat) and the fuel cell (FC). 

The examined hybrid train has two propulsion 
components: 

• A battery system with a capacity of 200 kWh / 
210 Ah using lithium-titanate (LTO) battery cells to 
guarantee high charge- and discharge currents to 
handle dynamic loads up to 1 MW. Tests conducted 
by our research group on the LTO-cells show that 
after cycling between 10 and 90 % state-of-charge 
(SoC) with 4400 equivalent full cycles, the battery 
has a remaining capacity of between 93 to 94 % of 
the initial capacity. The cycle tests were carried out 
with currents corresponding to the real train 
operation. 

• A 200 kW proton-exchange membrane fuel cell 
system.  

In addition to the propulsion components, the DC-DC 
converters are modelled as a look-up table with their 
efficiency at each operation point. Furthermore, an air 
conditioner unit and an auxiliary unit are considered as loads 
in the simulation model. The simulation model runs on a 
dSpace Scalexio simulation system in real time. 

The simulation model works as follows: The initial 
instance is the environment block, which transmits data such 
as temperature, solar radiation, drive cycle and the number of 
passengers to the next instance. The train dynamics block then 
calculates the demanded traction force and the demanded train 
speed from the received signals. The demanded traction force 
and the resulting speed profile are transmitted to the EMU, 
which calculates the required electrical traction power and 
whose algorithms distribute it to the propulsion components 
according to the current operating strategy. The drive 
component models (fuel cell and battery) receive the 
demanded power respectively and report to the EMU whether 
the requested power can be provided or not (see Figure 2). 

 
Figure 2: Overview of the functionality of the simulation model 

B. Energy Management Unit (EMU) 
The EMU performs the power management of the 

simulation model. The EMU calculates the demanded 
electrical power to move the train considering system 
boundaries and constraints of the components. Under 
consideration of the air conditioning unit and the auxiliary 
power unit, the EMU calculates total power demand PDemand as 
follows: 

     PDemand =  PTraction + PAux + PACU + PLoss. (1) 

     PTraction =   (2) 

PTraction is the electric power to fulfill the drive cycle 
requirements. PAux is the power demand of auxiliary 
consumers, e.g. on-board electronics. The average value of 
PAux is 30 kW. PACU is the power demand of the air 
conditioning unit. PACU depends on the solar radiation and the 
temperatures inside and outside of the vehicle. The average 
value of PACU is approximately 15 kW. PLoss describes the 
losses of the power train (i.e. considering efficiencies of 
components such as DC-DC converters). Equation (2) 
calculates PTraction with  as density of air; A as reference area; 
C as air resistance coefficient; v as velocity of the train; f is the 
rolling resistance coefficient; a represents the train 
acceleration; s is the slope; b is the coefficient related to the 
rail  [10, 11]. 

C. Battery model 
 Prior to the simulation, we carried out measurements on 

the battery cell. Based on these measurements, the utilized 
battery model is parameterised to a previously defined 
equivalent circuit diagram. The resulting battery model 
includes diffusion elements for slow excitations and double-
layer capacitances for fast excitations  [12]. 

Figure 3 shows the performance of the simulated battery 
model in comparison to a validation cell measurement as the 
reference. The average percentage deviation amounts to 
0.22 % and the root-mean-square error is 6.8 mV across the 
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measured range. Larger deviation of the voltage response can 
be observed with sharp current pulses. The battery cells of the 
pack will be operated between 2.05 V and 2.6 V. To guarantee 
the dynamic accuracy of the battery model for drive modes 
like braking or acceleration, the responsiveness of current 
ripples is displayed in the enlarged area of Figure 3. 

For the optimization algorithms, a look-up table based 
model of the battery cell voltage VCell is used. The look-up 
tables were generated from real cell measurements and have 
the battery’s SoC and the charge or discharge current ICell as 
input variables. 

 
Figure 3: Comparison of the voltage response of the battery model with the 
measured voltage of the validation cell measurement (reference). 

D. Fuel cell model 
The fuel cell used in the simulation model represents a 

proton-exchange membrane fuel cell system. The 
performance and the fuel consumption of the fuel cell is 
modelled by look-up tables inside the simulation model. 
Measurement results from the test bench will serve as the basis 
for parameterization and validation of the simulation model. 

E. Drive Cycle 
The investigated driving cycle simulates a half-hour drive. 

After about 1400 s, the simulated train takes a short pause, 
followed by an acceleration and the speed peak in the cycle. 
The maximum acceleration is found in the beginning of the 
drive cycle between 0 s and 10 s with 1.045 m/s² (see Figure 
4). 

 
Figure 4: The half-hour speed profile for the simulation of the train. 

III. OPERATION STRATEGIES AND CALCULATION RESULTS 
FOR THE ENERGY MANAGEMENT 

The calculated power demand is distributed to the battery 
(PBat) and to the fuel cell (PFC) and the optimization seeks an 
optimum distribution of PDemand : 

                      PDemand =  PBat + PFC (3) 

Three strategies for the power distribution between the 
battery and the fuel cell have been examined. The following 
energy costs have been used as a basis for the optimization 
calculations  [13, 14]: 

• Hydrogen fuel price:  4.50 € / kg 

• Battery energy price:   ± 0.175 € / kWh 

System boundaries and initial conditions for the battery 
and the fuel cell are: 

              -1000 kW < PBat < 1000 kW (4) 

                     50 kW < PFC < 200 kW (5) 

                      SoCt=0 = 100 % (6) 

A. Rule-based strategy 
An on-line rule-based strategy, which distributes the 

power demand according to the battery’s SoC between the 
battery and the fuel cell, is implemented within the EMU  [15]. 
In this strategy, the fuel cell is set to either run at an efficient 
rate covering the base load or charge the battery, while the 
battery serves as a buffer for dynamic load peaks (such as 
acceleration or recuperation). The rule-based strategy 
distributes the power according to the SoC of the battery 
system through a set of conditional statements at each iteration 
of the simulation. The EMU conducts the rule-based strategy 
on-line without any information of the drive cycle. The battery 
is charged if possible at a low SoC. Similarly, the battery is 
discharged if possible at a high SoC (see Figure 5). The rule-
based strategy is set up in such a way, that it keeps the SoC of 
the battery within 40 and 60 percent as long as enough 
hydrogen can be provided to the fuel cell. The rule-based 
strategy does not optimize the fuel economy. 

 
Figure 5: Sequential flow chart for the functional principle of the rule-based 
strategy within the EMU. 
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B. DP Optimization 
The DP optimization approach seeks to optimize the costs 

function c( t, SOC(t)) of each state based on Bellman’s 
principle of optimality  [16]: 

            c( t, SOC(t)) = min(c(ICell, VCell, PBat, PFC, mH) + cnew) (7) 

The computational complexity increases exponentially 
with the number of state variables. Here, the SoC of the battery 
is defined as the state variable. Values, which can be assumed 
at time step t ( t = 15 s) and at the states SoC are as follows:  

• ICell which is known a-priori;  

• VCell which is obtained by a look-up table from 
the SoC and ICell;  

• PBat is calculated by the multiplication of ICell, 
VCell with the number of cells n connected in 
series and in parallel (nseries and nparallel); 

• PFC is calculated by the energy demand and with 
the help of equation 3;  

• mH – the hydrogen mass – which is obtained by a 
look-up table from PFC; 

• cnew is the sum of energy costs, obtained from PBat 
and mH. 

The calculated optimal power distribution is stored and 
performed on the simulation model to ensure that the power 
distribution between the drive components works in the 
simulation environment. 

C. QP Optimization 
The QP approach minimises the sum of costs  [17]. The 

battery power PBat is calculated as follows:  

             (8) 

The fitted quadratic cell function VCell (SoC, ICell) is 
multiplied with the cell current ICell to obtain the cell power 
PCell and with the number of cells n connected in series and in 
parallel. The amount mH of hydrogen is determined from a 
look-up table and equation 3. Hence, PFC can be reformulated 
as 

             (9) 

 The algorithm minimizes the resulting costs of the 
quadratic problem. Analogous to the DP, the calculated 
optimal power distribution of the QP optimization is stored 
inside the simulation model and was performed on the 
simulation model. 

D. Results of the Optimization 
The results of the optimization are found in Table 1 and in 
Figure 6. The rule-based strategy was additionally 
benchmarked without the limitation for the minimum fuel cell 
power of 50 kW defined in equation 5. Nevertheless, the 
difference of costs between both rule-based strategies is 
marginal. The on-line rule based strategy is a resource-
efficient alternative with practically no calculation time, since 
it is performed in real time. It is 36.25 % with the PFC 
limitation or 35.56 % without the PFC constraint respectively 
costlier than the QP optimization.  The off-line QP strategy 

has the best performance in terms of costs and calculation 
time and serves as a reference for the difference of costs and 
the calculation time. The optimized costs of the DP strategy 
are 9.8 % higher and the calculation time is significantly 
higher with a factor of over 35. Therefore, the QP is the best 
operating strategy according to the current development 
status. 
 

TABLE I.  COMPARISON OF THE DIFFERENT POWER MANAGEMENT 
STRATEGIES 

Energy Management 
Strategy 

Total cost and resources of the drive 
cycle 

Costs 
(€) 

Difference 
of costs (%) 

Calculation 
timea 

On-line rule-
basedrule-based 

Strategy 
49.14 + 35.56 0 sb 

On-line rule-based 
Strategy with PFC  > 

50 kW 
49.39 + 36.25 0 sb 

Off-line DP with 
t = 15 s 39.81 + 9.8 193.4 s 

Off-line QP with 
t = 15 s 36.25 0 5.4 s 

a. The calculation was performed on a Windows machine with an i7 
quad-core CPU. 

b. The simulation model computes the rule-based strategies in real time. 

 

Figure 6: Graphs of the power distribution and the total costs for the drive 
cycle for different power management strategies; (a) Rule-based strategy 
without a minimum fuel cell power of 50 kW; (b) Rule-based strategy with 
the minimum fuel cell power of 50 kW; (c) DP Optimization; (d) QP 
Optimization. 
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IV. CONCLUSION 
In this paper, the simulation model to perform energy 

management tasks on a HIL-test bench for a hybrid train is 
explained. It was shown that it is possible to model a large 
battery system with good accuracy for the energy management 
of the hybrid train.  Additionally, different operation strategies 
for the energy and power management of the hybrid train were 
presented and compared. The operation strategies will also be 
tested and validated on the test bench. 

In future research to this topic, the battery model will be 
tested and validated on the HIL test bench. This includes the 
aforementioned deviation with pulses. Additionally, more 
states for the optimization such as ageing of the battery and 
the fuel cell should be considered for future research. The 
stress caused by the drive cycle can be transformed into a 
monetary penalty by an ageing model. The ageing increases 
the cost of the driving cycle and reduces the performance of 
the propulsion components eventually. However, this will 
require extensive measurements of the battery and fuel cell as 
well as additional computing resources.  
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