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ABSTRACT 
Hardware-in-the-Loop (HIL) testing allows for scaled to 

full-scale evaluation of components without constructing full-
scale vehicle prototypes. HIL is also a rapid means of 
performance evaluation of difficult to model components, in 
real-time simulation with up to full-scale components providing 
their own response in place of a model. HIL also provides a 
working tool for control algorithm refinements prior to full 
system integration. In hybrid and electric locomotive 
applications this is particularly important while choosing the 
battery chemistry and sizing the energy storage system. Energy 
storage HIL testing permits optimal sizing of battery power and 
energy density along with management algorithm tuning.  In 
general, HIL provides insight into optimal locomotive 
powertrain design. 

After the development of full EV and HEV locomotive 
models, battery component models were replaced with real-time 
interfaces to lead carbon and lithium cobalt batteries, which 
validated the battery models and helped tune vehicle controllers 
for direct application onto the vehicle platform. 

INTRODUCTION 
This work is intended to support the design and operation of 

an all-electric switcher and hybrid-electric, long-haul 
locomotives. Both would rely on large electrical energy storage 
devices to store some of the otherwise wasted electrical energy 
that is converted to heat by large power resistors during dynamic 
braking. The research group focused its efforts on battery 
systems, specifically two large-format battery modules, first a 
lead-acid battery with carbon-negative electrodes (LAC), then a 
Lithium Nickel Manganese Cobalt Oxide (NMC) module. Initial 
system-level testing started with the procurement of a 650V 
battery module string to represent one full voltage string, but 
only one of many parallel strings required to contain a reasonable 
amount of energy relative to its use as a sole or even hybrid 
power source. Following integration of this large system in the  

 
laboratory, the team began fixed-profile load cycling of the LAC 
batteries. This cycling served several purposes. It helped to 
gather the data which would be used later in battery modeling 
characterization, evaluate the associated Battery Management 
System (BMS), and understand thermal behavior as well as 
characterize the decrease in State of Health (SOH) as the kilowatt 
throughput increased over time. 

Following the fixed-profile load cycling, a means of 
controlling the battery’s environment was developed. A finite 
element analysis (FEA) was performed to develop the battery 
enclosure parameters and understand cooling air flow around the 
battery modules. An investigation into the effects of solar 
exposure on the enclosure was performed and replicated using 
heat sources for indoor testing. Fixed cycling continued while 
HIL experiments into the optimal cooling algorithm were 
performed, resulting in an algorithm and set of parameters that 
reduces energy consumption and maximizes effective cooling.  

Using load profiles recorded from long-haul locomotives 
battery performance was analyzed. Energy and component 
models were developed for real-time simulation of energy 
storage devices in both a switcher and long haul locomotive 
loading profiles.  

HIL simulations are often used as part of a validation 
process of either software models running in real time or 
laboratory testing of components while outside of their typical 
system. One example is an electric drive motor or battery pack 
being tested in the laboratory loaded with external devices and 
not the system for which it was intended or designed. Often 
scaling is performed to simplify the testing and HIL simulation. 
Battery systems are a good example, frequently simulated by 
loading of only one cell or battery module and estimating full-
pack responses by adding voltage or dividing current, depending 
on the number of cells in series or parallel, respectively. Little 
work has been published utilizing HIL for locomotive powertrain 
development. Yet, many groups have relied on HIL in the 
automotive industry for powertrain development with countless 
examples, such as Argonne National Laboratories’ work 
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resulting in a software support package, Autonomie/PSAT [1]. 
This research team pulled from the previous work completed in 
the automotive industry and applied it to the locomotive battery 
HIL simulations.  Here a full battery string with active thermal 
management as cycled under HIL testing scenarios to evaluate 
its expected performance in both a switcher and long-haul 
platform application. These systems represent the full DC bus 
voltage but are only loaded with a fraction of the total system 
current, as the vehicle is assumed to contain many parallel 
strings.  

NOMENCLATURE 
HIL  Hardware-in-the-Loop 
SOC State of Charge 
SOH State of Health 
LAC Lead-Acid w/Carbon 
NCA  Lithium Nickel Cobalt Oxide 
ESR Effective Series Resistance 
 

COMPONENT MODELING & CHARACTERIZATION 
To replicate the behavior of each locomotive 

component without the real device, first-order computer models 
were built using either experimentally measured or manufacturer 
data. Many models were borrowed from the automotive tool kit, 
PSAT [1]. The following sections discuss the details of each 
component.  

Diesel Engine 
Several assumptions were made to simplify the 

modeling effort of the diesel compression ignition engine. First, 
only hot temperature engine maps for maximum torque and 
efficiency were used. This is based on the assumption that engine 
temperature is kept near running and neglects the effects warmup 
has on power and efficiency. The model’s inputs are state, engine 
throttle, and speed while its outputs are torque, fuel 
consumption, and emissions, as shown in Figure 1. 
 

 
 

Figure 1. Engine Model Inputs/Outputs 
 
The higher-order dynamics of a diesel, compression 

ignition engine were ignored while concentrating only on system 
response, power, and efficiency. To do so, the following 
equation, in concert with torque and efficiency maps, as used to 
represent the engine component of the simulation.  
 

 
Tout = [(1-TClosed Throttle) + (Throttle x T Maximum)] (1) 

 
Equation 1 uses a combination of wide-open throttle torque map, 
closed throttle torque map, and throttle position to calculate 
engine torque at any given speed. Note that T indicates torque 
and, as used in the above equation, is a function of speed.  
 

 
Figure 2. Engine Maximum Torque Map  

 
Typically, torque is represented as a map based on data, 

as seen in Figure 2. Fuel economy and efficiency are represented 
in a similar fashion yet are functions of not only speed but also 
torque, requiring the use of a three-dimensional map. The control 
of the engine model is executed though a PID speed controller. 
The engineer throttle notch, which is mapped to a particular 
engine speed, sets speed, thus the PID error inputs are mapped 
throttle notch and actual speed and its output throttle command. 

  

Induction Generator / Drive Motor 
Similar to the engine model, a first-order electric motor model 
was used for both drive and generator components in the 
locomotive system model, with maps to reference only 
maximum torque available at any given speed. It should be noted 
that it was assumed here that the equal and opposite torque was 
available for regeneration. The equation for motor torque is the 
maximum available at the given speed times the command; in 
other words, the percentage of maximum torque available. 
Figure 3 shows the inputs/outputs of the motor/generator models.  
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Figure 3. Motor/Generator Model Inputs/Outputs  
 
The speed of both the coupled diesel engine and generator are 
determined based on Newton’s second law of motion.  
 

Force   = Mass x Acceleration 
Torque = Inertia x Angular Acceleration 

(2) 

 
Rotation speed can then be determined by the integration of 
angular acceleration. Knowing the inertia of the total engine / 
generator system as well as the torque applied by each device 
allows for the calculation of shaft speed which, is in turn fed back 
into each system.  

Auxiliary Systems 
Parasitic loads from mechanical and electrical accessories 

are accounted for by a fixed load or loss to the power source 
system. With either the diesel engine or, in the case of an all-
electric vehicle, the battery, a constant load is applied. This 
constant load is determined by averaging auxiliary loads over a 
full shift/drive cycle. This work also includes estimated profiles 
based on measured data over a full 8 hour shift. 

Locomotive Vehicle Model using the Davis Equation 
Two approaches are considered when representing the 

vehicle load: first, recorded traction power data from scenarios 
such as the desired test cases for the component under evaluation 
through HIL; second, a standard vehicle model [2], summarized 
by the following equation.  

 

Mlocomotive  = Ft(t)-[Fa(t)+Fr(t)+Fg(t)+Fd(t)] (3) 

 
Where,  

 Fg = force due to gravity on an incline or decline  
 Fr =  force due to rolling resistance 
 Fa = force due to aerodynamic friction 
 Fd = force due to all other summary effects 
 Ft = force generated by the prime mover 

 
The Davis equation is represented by the above with the 

addition of accounting for losses such as coupler, bearing, and 
track curvature [3]. These losses are accounted for in the rolling 
resistance and effects due to gravity, while the addition of track 
curvature can be found in the summery effects term and is 
represented by the following equation. 

 

 
(4) 

 
Where  represents the dimensionless coefficient of track 
curvature and  the radius of the track. The lumped mass 
approach may be feasible for short-length train sets, but for long 
train sets and varying grades within the train length, this may be 
a poor assumption.  

Modeling locomotive drivetrains presents several unique 
problems. For simplicity, the path and mass of the train is fixed 
for long-haul scenarios. This is contrary to the switcher platform, 
as their tailing vehicle mass varies often as well as path and 
grade. The switcher locomotive also experiences repeated 
acceleration and braking events to and from zero speed. 
Nevertheless, the traction power required to accelerate the 
locomotive likely varies as the traction control systems and 
effects of grades seen across the locomotive. 

Based on available data, the research team decided to 
develop models to represent the major components of both a 
switcher and long-haul locomotive. These components include 
the diesel engine and coupled alternator as well as the AC and 
DC drive motors for the long haul and switcher platforms, 
respectively. Data such as electrical power consumption and 
locomotive engineer throttle notch were used initially as input to 
the model for development purposes of the switcher model. As 
the load profile will likely vary from day to day, the inputs to the 
switcher model were the nominal power and energy consumption 
over a typical day in the yard. One of the biggest difficulties was 
determining the varying load as cars were added and removed. 
As the team transitioned to the long-haul vehicle, the model 
inputs changed from power traces to grade and speed. This is 
now feasible, as the locomotives and cars attached vary less 
during the cycle/simulation. 
 

Battery Model and Characterization 
General battery performance data are typically available 

from the manufacturer, but rarely are the manufacturer’s data 
enough to simulate performance under various loading 
scenarios. An independent verification of several battery 
modules is strongly recommended prior to selecting a particular 
system at such a high quantity and cost such as a locomotive 
energy storage system.  

As the only component not already in service with years of 
field data available, the battery is the only component requiring 
characterization prior to modeling. To capture the voltage 
response of the various batteries used in this work, standard tests 
were performed to generate the data required to support model 
generation. First, a full charge followed by a slow, low rate, five 
ampere discharge was performed to gather a measurable voltage 
between full charge and empty charge or 100% and 0% State of 
Charge (SOC). Note that all testing to generate model parameters 
was performed at nominal pack voltage of 648V. During this test 
it was assumed that the discharge rate was slow enough that the 
measured voltage could be approximated as Open Circuit 
Voltage (OCV). In turn, the previous test results in an OCV vs 
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SOC graph, Figure 4, shows the voltage response to the five 
ampere discharge load and is used to determine the OCV as a 
function of SOC.  

Figure 4 Open Circuit Voltage vs State of Charge  
 

Following the generation of the OCV map, a pulse 
power characterization test was performed to capture the varying 
Effective Series Resistance (ESR) over the span of the battery 
system’s SOC for both charge and discharge. Figure 5 represents 
a portion of the loading profile used to capture the voltage 
response necessary to calculate ESR. Ohms law is used to 
calculate ESR as the load current is known and voltage drop or 
rise is measured. This type of battery testing is typically referred 
to as the Hybrid Pulse Power Characterization [4] test, as defined 
by the US DOE, Vehicle Technology Program Battery Test 
Manual.  

Figure 5 Pulse Power Loading Profile 
 

 

A representative sample of the voltage response to this 
testing is shown in Figure 6, which leads to the understanding 
of dynamics beyond simple Ohmic resistive loading. 

Figure 6 Voltage Response to Pulse Power Testing 
 
 The following table represents the ESR calculated from 
each pulse charge and discharge applied to the full string. 
 

OCV  
prior to 

discharge 

Voltage   
Drop 

OCV 
prior to 
charge 

Voltage 
Rise 

ESR 
Charge 

ESR 
Discharge 

615.4  579.7  615.4  670.2  0.548  0.357 

604.1  558.5  591.9  639.3  0.474  0.456 

587.8  546.3  577.6  614.1  0.365  0.415 

571.2  529.9  561.3  599.2  0.379  0.413 

555.5  518  546.3  585.6  0.393  0.375 

539.7  501.8  531.1  567.1  0.36  0.379 

523.5  491.5  514.4  547.3  0.329  0.32 

507  472.9  498  530.6  0.326  0.341 

489.6  457.7  480.4  512.3  0.319  0.319 

470.9  441.3  461.7  493.2  0.315  0.296 

450.6  418  441.5  472.5  0.31  0.326 

429.6  398.1  420.8  452  0.312  0.315 

410.9  379.4  402.5  433.5  0.31  0.315 

396.6  364.5  390.6  422.2  0.316  0.321 

388.9  358.9  385.5  417.3  0.318  0.3 

 
Table 1 ESR Result from HPPC Testing 

 
If the battery was modeled as an ideal voltage source, 

the voltage response above would more closely match the OCV 
map and not experience the faster voltage transients seen 
immediately following the application or removal of electoral 
load. Once OCV and ESR were understood an equivalent circuit 
battery model was built in Mathworks Simulink [7]. Instead of a 
simple series resistance model a Dual Polarization (DP) model 
was generated as it most accurately captures the voltage 
transients beyond pure Ohmic response [5]. All unknown 
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parameters of the model were estimated using the Mathworks 
Parameter Estimation tool using a similar approach as [6]. The 
DP model, shown in Figure 7, and resulting map of parameters 
as a function of SOC are shown here. The associated equations 
governing the DP model battery voltage response can be found 
in reference [5]. 

VOCV

Rpa

Rcharge

Cpa

Rdischarge Rpc

Cpc

 

V

+I

 
Figure 7 Dual Polarization Battery Model 

  
The resulting battery model is able to capture the voltage 
response as a function of electrical load and SOC. This proved 
useful in the development of offline control algorithms prior to 
validation and testing on the full HIL setup. 

Non-Battery Powertrain Component Models 
Models representing the diesel engine, alternator and 

drive motors were developed based on manufacturer and 
measured data. The models were tuned to represent the measured 
data and iterated until a minimal error was present relative to 
experimental or measured responses. Upon completion of the 
model validation, the resulting simulation was modified to run in 
real time on a Matlab Simulink Real-Time target. At this point 
the removal of any particular model in the full system of 
component models is possible. This work concentrated on 
battery system HIL, but the models used here are equally capably 
of exercising any other major locomotive powertrain component. 

SIMULATION 
With a validated model of a conventional locomotive, 

hybridization of the model was then possible. In the case of the 
switcher platform, the engine/alternator systems were removed 
and replaced by a battery system containing high-power 
electronics to vary DC traction bus voltage seen by the drive 
motors. As for the long-haul locomotive platform, the diesel 
engine displacement was decreased to allow physical room for 
the battery system added on the platform. The models generated 
by this work support both component evaluation and sizing 
studies of both the engine/alternator and battery systems in the 
long-haul locomotive.  

HARDWARE IN THE LOOP CYCLING  

Laboratory Equipment Setup for Battery HIL  
 The Matlab Simulink Real-Time target computer 
running the locomotive simulations interfaces with both the 
battery system under test and the electrical loading device 
(AeroVironment AV900). Figure 8 shows the LAC battery 

system that underwent characterization and was used as the scale 
battery in the switcher HIL simulations.  
 

 
 

Figure 8 LAC Battery System in Enclosure 
 

The high power capabilities of the AV900 allowed the 
research team to fully load the battery system in both charge and 
discharge conditions up to the nominal limits of the battery. The 
load applied to the battery is based on the locomotive model 
running in real-time generating power requirements from the 
battery necessary to meet the requirements of the simulated 
locomotive. The real-time simulation model reads battery system 
parameters such as voltage and current, and in concert with an 
algorithm for maximum power acceptance and discharge limits 
the model, will adjust locomotive tractive effort according to 
battery power available. Figure 9 displays the configuration of 
the three significant hardware components used for battery HIL 
simulations.  

Simulink Real‐Time Target 
Running Locomotive Model  

Battery System Under Test

AeroVironment AV900
Bi‐Directional Power Processor

High Voltage Interface

Battery Data Interface
Battery Contactor Control
Thermal Control

Control and Monitoring Interface

 
Figure 9 Battery HIL Component Interface 

   
The key component in this setup is the Simulink Real-

Time Target with communication to both the AV900 and battery 
system. There is then also a high power/high voltage interface 
between both the AV900 and battery system which is monitored 
and controlled by the Simulink Real-Time Target.  
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Thermal Management System Evaluation using HIL 
 The algorithm development and evaluation of the 
thermal management system was performed using the lead 
carbon battery in the laboratory setup. This evaluation started 
with the incorporation of all temperature sensor data into a 
central controller. For this task the, Simulink Real-Time Target 
computer and Mathworks software were employed. A Simulink 
algorithm was then written to calculate the standard deviation, 
minimum, maximum, and delta (maximum – minimum) 
temperature values. Based on these data a StateFlow diagram 
was used to generate the cooling blower logic. This Simulink 
model was then compiled and deployed to the Simulink Real-
Time Target. Then the battery system, including the thermal 
management system, was exercised and data analyzed. As a 
result of several tests, control logic and parameters were tuned 
until the desired system performance was achieved. The goals 
of this testing was to minimize the energy consumption of the 
cooling blowers while maintaining maximum and stratification 
temperatures within desirable limits. Ultimately, all energy used 
by the blowers to cool the battery comes from the battery system 
itself. 
 

 
Figure 10 Battery Cooling Blower Control Logic 

  
  This work concluded with the real-time system 
evaluation of the scaled battery pack and blower with logic, as 
shown in Figure 10, and can now be deployed directly to the 
switcher locomotive in which this system was loaded to 
replicate. This logic includes the delta and standard deviation 
temperature calculations and the periodic time-limited on state 
decision algorithm based on the variations of measured data from 
desired set points. Ultimately this real-time test was to achieve 
the maximum cooling effort per watt-hour of consumed 
electrical energy from the battery.  

Note that the blower system was not powered directly 
from the battery in the laboratory setup. An AC source from the 
building supplied the blower, but while in an “on” state the 
electrical load on the battery was varied to replicate this load. 
While the blower was off, this load was removed.  
 

Pure Electric Locomotive – Switcher HIL Testing 
 Utilizing recorded motor power and estimated 
accessory loads, the laboratory battery setup was excursed in an 
HIL environment. The goal of this evaluation is to both test the 
thermal management system and SOC estimator but also to 
determine the feasibility of the full system delivering the 
required power and energy required throughout a given shift or 

for a select usage profile. This profile, the Norfolk Southern 
Material Work Yard, is comprised of a power-verse time array. 
This array is scaled to the single string current by dividing by the 
total number of proposed parallel strings.  

 
Figure 11 HIL Test of LAC Battery – Power Profile & Error 
 

When running HIL simulations in this configuration the 
comparison of desired versus actual battery power was of 
interest. The input power trace was based on the motor load of a 
conventional locomotive. The comparison between this 
conventional locomotive and its equivalent battery-operated 
locomotive can be found in Figure 11. The green trace is scaled 
conventional, diesel generated power while the blue line of the 
top graph represents battery power. Ultimately, this chart shows 
the battery system’s ability to track the same power, but it does 
require a mid-day charge because of limited capacity. This is 
validated with the second chart of Figure 11, the error trace. Error 
is relatively minimal, likely caused by noise and machine latency 
of laboratory equipment, except for the 1 hour mid-day charge.  

Figure 12 HIL Test of LAC Battery – Current & Voltage 
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Another critical test performed on the battery pack in 
this test was thermal management system and its power 
requirement effects on battery performance. Figure 12 shows the 
current and voltage response of the pack while under the Material 
Work Yard loading with accommodations for HIL testing of the 
thermal management system as discuss in the previous section.  
 Note the square wave in the constant current sections of 
the current plot. These variations are cooling system related, 
when the cooling blower is on a drop in available power to 
charge the pack is measured. This same reduction in available 
power is seen during the drive cycle, while the only power source 
is the battery system. The section between 4 and 6 hours shows 
the mid-day charge with several periods of active cooling 
consuming power otherwise intended for charging the battery 
pack.  

Figure 13 HIL Test of LAC Battery – SOC Evaluation 
 

The SOC algorithm was also evaluated in parallel to 
this effort, and its results can be found in Figure 13. Note, the 
minimum threshold of approximately 27% SOC. This value is 
the hard limit of operation due to minimum voltage limitations 
of the electronics of this locomotive. This HIL test showed that 
even with a mid-day charge the pack is near its end of discharge 
at the end of this 8 hour shift. The battery loading after the eighth 
hour represents the end of shift charge in preparation for the next 
shift.  

Several HIL tests were executed with various results. 
Figure 14 shows the variation in SOC estimation from six 
different tests. HIL testing allowed for the development of this 
algorithm as well as the real-time validation. This algorithm can 
now be deployed to the full system with a level of certainty.  

 
 
  
 

 

 

 

 
Figure 14 HIL Test of LAC Battery – SOC Results 

 

Hybrid Locomotive Control Algorithm using Simulation 
 Any power plant with two or more energy sources 
requires a means of managing each source. The goal of this 
testing is to optimize the life of a battery system which is 
undersized relative to the load while maximizing the reduction 
in diesel fuel consumption.  
 The model previously discussed is intended to be used 
to evaluate this power split between the diesel engine and 
alternator device, consuming diesel fuel and the battery system. 
The balance between battery life, diesel fuel use and even 
emission reduction can be modeled with the appropriate 
assumptions. Following the battery modeling, HIL testing will 
be performed to validate the battery model and also further tune 
the power split algorithm to reduce diesel fuel consumption and 
emissions and extend the life of the battery system.   

A measure of power or locomotive speed variance from 
a desired drive profile is a quantifiable parameter to use in 
evaluating the effectiveness of a particular battery system. This 
provides the tools necessary to validate a battery choice prior to 
committing to the large investment of building a battery-powered 
or hybrid locomotive.  
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